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Abstract 
Single-walled carbon nanotubes (SWCNTs) are a promising material for strongly coupled 

optoelectronic devices, due to their outstanding electrical properties in combination with their 

narrowband excitonic absorption and emission in the near-infrared. The rich SWCNT 

photophysics allow to study the interaction of exciton-polaritons with a range of other quasi-

particles, such as phonons and biexcitons, as well as with synthetic, luminescent sp3 defects at 

room temperature. However, the ultimate goal of polariton condensation has not been achived 

with SWCNT exciton-polaritons so far, and hence understanding their specific polariton 

population mechanism with respect to their unique photophysical properties is crucial. Here, time-

dependent fluorescence and transmission measurements are used to track the exciton-polariton 

population in strongly coupled metalclad microcavities, identify the dominant relaxation 

pathways and transitions, use luminescent sp3 defects to increase the polariton population by 

radiative pumping, and manipulate the SWCNT absorption edge by strong coupling in hybrid 

organic photodiodes. 

By investigating the fluorescence decay of SWCNT exciton-polaritons, it is shown, that the 

dominant population mechanism in this system is radiative pumping. To overcome the thusly 

imposed limitation of the polariton population by the low SWCNT photoluminescence quantum 

yield, the SWCNTs are functionalized with luminescent sp3 defects, leading to a population 

increase up to 10-fold for highly emissive detunings (photon fractions > 90 %). By changing the 

substituents and the binding pattern, tuning of the defect emission could be further employed to 

access application-relevant near-infrared wavelengths and improve the conditions for polariton 

condensation. 

Furthermore, the SWCNT exciton-polariton dynamics are studied in the ultrafast regime by 

transient transmission spectroscopy. The results reveal a polariton-mediated biexciton transition, 

that is threefold more efficient than in weakly coupled SWCNTs. The polariton to biexciton 

transition under off-resonant polariton excitation also indicates fast population transfer from dark 
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to bright polaritons beyond the exciton and photon dephasing times. The efficient biexciton 

transition of strongly coupled SWCNTs may enable to study correlated many-body states at room 

temperature, that are predicted for excitonic molecules in strongly coupled high quality cavities.  

Lastly, strongly coupled SWCNT hybrid organic photodiodes are presented, demonstrating how 

exciton-polaritons enable light-detection far beyond the intrinsic SWCNT absorption edge. For 

equal external quantum efficiency, photocarrier generation was observed 200 nm further into the 

near-infrared as compared to previously reported strongly coupled photodiodes. Thus, 

representing the first step towards efficient and tuneable polariton-mediated photocurrent 

generation by SWCNT hybrid organic photodiodes at application-relevant wavelengths.  
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Kurzfassung 
Einwandige Kohlenstoffnanoröhren (Single-walled carbon nanotubes, SWCNTs) sind aufgrund 

ihrer hervorragenden elektrischen Eigenschaften sowie ihrer schmalbandigen exzitonischen 

Absorption und Emission im nahen Infrarot ein vielversprechendes Material für optoelektronische 

Bauelemente im Regime der starken Licht-Materie-Kopplung. Die umfangreiche SWCNT-

Photophysik ermöglicht die Untersuchung der Wechselwirkung von Exziton-Polaritonen (stark 

gekoppelte Licht-Materie Quasiteilchen) mit einer Reihe anderer SWCNT-Quasiteilchen, wie 

Phononen und Biexzitonen, sowie mit synthetischen, lumineszierenden sp3 Defekten bei 

Raumtemperatur. Allerdings konnte für SWCNT-Exziton-Polaritonen bisher keine 

Polaritonenkondensation gezeigt werden. Daher ist das Verständnis der spezifischen Polariton-

Populationsmechanismen in Bezug auf die photophysikalischen Eigenschaften der SWCNTs von 

entscheidender Bedeutung. In dieser Arbeit werden zeitabhängige Fluoreszenz- und 

Transmissionsmessungen verwendet, um die Exziton-Polaritonen-Population in stark 

gekoppelten Mikrokavitäten zu verfolgen und die dominanten Relaxationspfade und Übergänge 

zu identifizieren. Darauf aufbauend werden lumineszierende sp3-Defekte verwendet, um die 

Polaritonen-population mittels strahlendem Pumpen zu erhöhen. Abschließend wird 

demonstriert, wie die SWCNT-Absorptionskante durch starke Kopplung von Photodioden 

manipuliert werden kann. 

Durch die Untersuchung der Fluoreszenzabklingzeit von SWCNT-Exzitonen-Polaritonen wurde 

gezeigt, dass der dominierende Populationsmechanismus strahlendes Pumpen ist. Um die daraus 

resultierende Begrenzung der Polaritonenpopulation durch die geringe SWCNT-

Photolumineszenz-Quantenausbeute zu umgehen, wurden die SWCNTs mit lumineszierenden 

sp3 Defekten funktionalisiert. Dies führte zu einer bis zu 10-fachen Zunahme der 

Polaritonenpopulation unter Abstimmung der Kavität zu hohen Photonanteilen (> 90 %). Durch 

Änderung der Substituenten und der Bindungsmuster könnte die Defektemission zu 
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anwendungsrelevanten Wellenlängen im nahen Infrarot verschoben werden. Außerdem könnten 

dadurch die Bedingungen für Polaritonenkondensation erheblich verbessert werden.  

Darüber hinaus wurde die Exziton-Polariton-Dynamik der SWCNTs auf der Femtosekunden-

Zeitskala mittels transienter Transmissionsspektroskopie untersucht. Die Ergebnisse zeigen einen 

Polariton-vermittelten Biexzitonen-Übergang, der dreimal effizienter ist als in schwach 

gekoppelten SWCNTs. Der Übergang von Polariton zu Biexziton existiert auch bei nicht-

resonanter Polariton-Anregung. Dies ist ein Indiz dafür, dass auch nachdem Exziton- und Photon 

ihre Kohärenz verloren haben, ein effizienter Populationstransfer von dunklen zu hellen 

Polaritonen stattfindet. Des Weiteren könnte der effiziente Biexzitonen-Übergang in stark 

gekoppelten SWCNTs ermöglichen, korrelierte Mehrteilchenzustände bei Raumtemperatur zu 

untersuchen, die für exzitonische Moleküle in stark gekoppelten Kavitäten hoher Qualität 

vorhergesagt wurden. 

Abschließend werden stark gekoppelte organische SWCNT-Hybrid-Photodioden vorgestellt. 

Mittels dieser Photodioden lässt sich demonstrieren, wie Lichtdetektion weit über die intrinsische 

SWCNT-Absorptionskante hinaus durch Exziton-Polaritonen ermöglicht werden kann. Dabei 

ließ sich die photo-induzierte Ladungsträgererzeugung bei gleichbleibender externen 

Quanteneffizienz über 200 nm weiter ins nahe Infrarot verschieben als bei zuvor publizierten stark 

gekoppelten Photodioden. Dies ist der erste Schritt, um den polariton-vermittelten, 

photoelektrischen Effekt bei anwendungsrelevanten Wellen-längen nutzbar zu machen.  
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1 Introduction 

Exciton-polaritons are part-matter, part-light quasi-particles, that are formed when an exciton 

interacts strongly with light. In the strong light-matter coupling regime, the rate of energy 

exchange between exciton and photon is larger than their decay rates.1 This is encountered, when 

photons are trapped inside a material. The resulting so-called bulk exciton-polaritons were first 

observed for excitons in crystalline semiconductors.2, 3 However, with the development of 

semiconductor and thin film technology4, so-called microcavity exciton-polaritons could be 

created artificially using mirrors to increase the trapped photon’s lifetime.5 As hybrid light-matter 

quasi-particles, exciton-polaritons are bosons possessing only 10-4 times the mass of an electron. 

This fostered research efforts into microcavity polariton physics. In 2006, Bose-Einstein-like 

condensation was first observed for exciton-polaritons in quantum wells of inorganic 

semiconductors at 5 K6 and shortly after, even under ambient conditions employing room-

temperature stable excitons.7 Polariton condensates possess a plethora of unique quantum optical 

properties with spontaneously polarized laser-like emission8, long-range spatial coherence9 and 

superfluidity at room tempreature10 being the most noteworthy. In contrast to similar physics 

observed using trapped atoms in the gas phase, exciton-polaritons are based on solid state 

microstructures, that can be implemented in conventional semiconductor devices. This was 

demonstrated by electrically creating a polariton condensate11 based on a cavity-integrated light-

emitting diode12. The possibility of harnessing quantum optical phenomena on-chip under 

ambient conditions has stimulated the research interest in exciton-polaritons since. 

Alongside research on exciton-polaritons in systems based on epitaxially grown quantum wells, 

a wide range of emitters has been investigated in regard to polariton formation and condensation 

over the last decade. Organic molecules7, 13, 14, conjugated polymers15, 16 and fluorescent proteins17, 

18 have been of special focus due to their room-temperature stable excitons and diverse 
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photophysics. For organic materials exhibiting optical gain, polariton lasing could be achieved 

over large parts of the visible spectrum.7, 13-22 The optical net gain achieved in polariton 

condensates of a ladder-type conjugated polymer surpasses the net gain found in weakly coupled 

semiconductor cavities by five-fold.23 Exploiting the large gain and ultrafast dynamics of exciton-

polaritons based on organic materials, an all-optical transistor with THz switching speed was 

demonstrated.23 Furthermore, strong coupling with organic materials gave rise to the idea of 

modifying material properties without chemical modification.24 Owing to the tunability of 

exciton-polaritons, photocurrent-generation25-27 and spin conversion28-32 in organic materials 

could be manipulated and exploiting the delocalized nature of exciton-polaritons, energy transfer 

between spatially separated molecules33, 34 and long-range energy transport35, 36 in disordered 

molecular systems could be improved in the strong coupling regime. 

More recently, low dimensional semiconductors such as monolayered transition metal 

dichalcogenides37, 2D perovskites38, zinc oxide nanowires39 and single-walled carbon nanotubes40 

were studied. Among these, semiconducting single-walled carbon nanotubes (SWCNTs) have 

emerged as an interesting material to create exciton-polaritons optically as well as electrically in 

the near infrared (NIR).41-45 In contrast to organic materials, SWCNTs combine high ambipolar 

charge carrier mobilities (1,000-10,000 cm2V-1s-1)46, 47 with large oscillator strength (~ 0.01)48 and 

narrow excitonic absorption and emission bands in film40. Furthermore, chemical 

functionalization of a given SWCNT chirality allows to create bright and tuneable exciton trap 

states even further in the NIR.49  These luminescent trap states, termed sp3 defects, can be 

controlled in terms of functional group50 and binding configuration51 and their zero-dimensional 

nature allows for high-purity single-photon emission at room temperature.52 In addition to that, 

SWCNTs exhibit a range of quasi-particles such as biexcitons53, trions54 and polarons55 at room 

temperature. Together with their clear polariton mode structure40, SWCNT can serve as a test bed 

to investigate polariton interaction with other quasi-particles and artificial defects. So far, cavity-

mediated hybridization of bright excitons with trions42 and dark excitons56 has been observed and 



3 
 

the resulting polaritons offer means to manipulate the photophysics of the underlying SWCNTs 

by strong coupling.42, 56 This makes SWCNTs a unique material to study exciton-polaritons and a 

promising candidate for optoelectronic devices in the strong coupling regime. 

Up to now, polariton condensation could not be demonstrated with SWCNTs and hence 

understanding their specific polariton population mechanism with respect to their photophysical 

properties has become crucial. Connected to the polariton population and dynamics is the role of 

the polariton dark states. These dark states are believed to be crucial to the polariton dynamics57, 

58 and therefore understanding interaction between bright and dark polariton states in SWCNTs 

is essential to design and improve polariton-based devices in general. More specifically, the low 

SWCNT PLQY may inhibit large polariton populations required for condensation and means to 

increase the PLQY are of interest. 

This thesis focuses on the population mechanisms and dynamics of SWCNT exciton-polaritons. 

By investigating the fluorescence decay of SWCNT exciton-polaritons, it is shown, that the 

dominant population mechanism in this system is radiative pumping. To overcome the thusly 

imposed limitation of the polariton population by the low SWCNT PLQY, luminescent sp3 defects 

are used to radiatively populate polaritons and increase polariton population in the NIR. 

Furthermore, the SWCNT exciton-polariton dynamics are studied in the ultrafast regime by 

transient transmission spectroscopy. The results reveal an efficient polariton-mediated biexciton 

transition and that the dark state dynamics can be bypassed on the femtosecond timescale under 

resonant polariton excitation. The thesis is concluded with the presentation of strongly coupled 

SWCNT photodiodes, demonstrating how exciton-polaritons enable light-harvesting far beyond 

the intrinsic SWCNT absorption edge. 

The thesis is structured as follows: Firstly, the fundamental equations and concepts to describe 

strong light-matter coupling of SWCNTs are presented, together with the current state of research 

on SWCNT and exciton-polariton spectroscopy. In addition, the working principles of planar 

microcavities and organic photodiodes are introduced (Chapter 2). Subsequently, the 
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experimental methods used in this thesis are described (Chapter 3). In the result section of the 

thesis, the population mechanism of the polariton bright states is identified using time-dependent 

fluorescence measurements and based on this, a method to tailor and increase the polariton 

population using luminescent sp3 defects is demonstrated (Chapter 4). In the following, the 

ultrafast dynamics of SWCNT polaritons as observed transient transmission spectroscopy are 

presented and analysed (Chapter 5). The result section is concluded with the presentation of 

strongly coupled hybrid organic photodiodes based on SWCNTs (Chapter 6). Chapter 7, sum-

marizes the main results of this thesis and based on this, develops an outlook on future work. 
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2 Background 

This chapter introduces light-matter interaction, firstly from a macroscopic perspective, and 

secondly from a microscopic perspective. On that basis, the manipulation of light-matter 

interaction by planar microcavities is described and strong light-matter coupling is discussed. The 

current understanding of microcavity exciton-polaritons and their dynamics is presented, 

followed by a summary of single walled carbon nanotube (SWCNT) photophysics, 

functionalization and their application within strong light-matter coupling. The chapter concludes 

with an introduction of organic photodiodes. 

2.1 Light-matter interaction 

In the following, key aspects of light-matter interaction are introduced, serving as a basis to 

describe microcavity exciton-polaritons. The discussion aims to present and motivate the models 

and equations used in this thesis. 

2.1.1 Dielectric function and complex refractive index 

In a macroscopic description of light-matter interaction, light is described as an oscillating electro-

magnetic (EM) field that interacts with the charged building blocks of matter, namely electrons 

and protons, in form of a temporary polarization. For diamagnetic materials, in the absence of 

external magnetic fields and below radiofrequencies, the magnetic component can be neglected.59 

In the macroscopic description, different materials are characterized phenomenologically in terms 

of their permeability towards the electric field component of light, which is described by the 

dielectric function 𝜀(𝜔) of the material and depends on the angular frequency 𝜔 of the light 

wave.59 The dielectric function is connected to the complex index of refraction �̃� by4 
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√𝜀(𝜔) = �̃�(𝜔) = 𝑛(𝜔) + i𝑘(𝜔), (1) 

where the real part 𝑛(𝜔) affects the oscillatory spatial motion of the electric field and corresponds 

to Snell’s index of refraction. The imaginary part 𝑘(𝜔) affects the damping of the field in 

propagation direction within the material and corresponds to the extinction coefficient.59 If either 

the dielectric function or the complex refractive index of a material is known, the light-matter 

interaction can be described on the basis of Maxwell’s equations, yielding transmission, reflection 

and absorption.60 Experimentally, the complex refractive index can be measured by ellipsometry. 

The n and 𝑘 parts are causally connected that is, damping of the light field will always change its 

oscillatory spatial motion and vice versa. Hence, measuring one part over a sufficiently large 

frequency range allows to calculate the respective other part.59 Experimentally, the imaginary part 

𝑘 can be readily determined by measuring the absorption 𝐴 and film thickness 𝑑 of a given 

material slab using the relation61 

𝑘(𝜔) =
𝐴OD(𝜔) ∙ c

log10e ∙ 2𝜔𝑑
 , (2) 

where c is the speed of light and e is Euler’s number and 𝐴 is given in optical density (OD). The 

real part n can then be calculated using the Kramers-Kronig relation59 

𝑛(𝜔) = 1 +
2

π
CH ∫

𝜔′𝑘(𝜔′)

𝜔′² − 𝜔²
d𝜔′,

∞

0

 (3) 

where CH is Cauchy’s principle value. The Kramers-Kronig relation is a mathematical property 

of the complex function �̃�(𝜔), expressing the aforementioned causality between n and 𝑘. The 

next section illustrates how reflectivity, transmission and absorption of different materials can be 

calculated using �̃�(𝜔). 

2.1.2 Transfer matrix scheme 

Light propagation in a homogeneous medium, as introduced in the previous section, can be 

formalized by the transfer matrix (TM) scheme, which is here adapted from Pettersson et al.61. 
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The TM scheme is a powerful approach that can be easily extended to stacks of different materials, 

as found in optical components or optoelectronic devices. For this, each layer 𝑗 (𝑗 = 1, 2, … , 𝑚) 

is described in terms of its thickness 𝑑𝑗 and complex index of refraction �̃�𝑗. Light is described as 

a plane harmonic wave propagating through the stack, which will be referred to the as positive 𝑧-

direction with an arbitrary angle of incidence 𝜃. The electric field amplitude of the light wave 

within each layer is given by 𝑬𝑗
+for forward propagating light and 𝐄𝑗

−for backward propagating 

light. For anisotropic material layers, such as polymers or networks of carbon nanotubes, the 

complex refractive index is given in terms of an in-plane component and a component in 𝑧-

direction. Refraction at the layer interface 𝑗𝑘 is described by the matrix of refraction 𝐈𝑗𝑘 

𝐈𝑗𝑘 =
1

𝑡𝑗𝑘
(

1 𝑟𝑗𝑘

𝑟𝑗𝑘 1
), (4) 

where 𝑟 and 𝑡 are the Fresnel complex reflection and transmission coefficients given by 

𝑟𝑗𝑘 =
𝑞𝑗 − 𝑞𝑘

𝑞𝑗 + 𝑞𝑘
 and 𝑡𝑗𝑘 =

2𝑞𝑗

𝑞𝑗 + 𝑞𝑘
, (5) 

for the electric field being perpendicular to the plane of incidence (s- or TE-polarized) and 

𝑟𝑗𝑘 =
�̃�𝑘

2𝑞𝑗 − �̃�𝑗
2𝑞𝑘

�̃�𝑘
2𝑞𝑗 + �̃�𝑗

2𝑞𝑘

 and 𝑡𝑗𝑘 =
2�̃�𝑗�̃�𝑘𝑞𝑗

�̃�𝑘
2𝑞𝑗 + �̃�𝑗

2𝑞𝑘

, (6) 

for the electric field being parallel to the plane of incidence (p- or TM-polarized). The so-called 

momentum transfer 𝑞 is described by 𝑞𝑗 = �̃�𝑗cos𝜃𝑗 = √�̃�𝑗
2 − 𝑛0

2sin𝜃𝑗, where 𝑛0 is the ambient 

refractive index and 𝜃𝑗 the angle of refraction in layer 𝑗. Propagation through the layer is given 

by the phase matrix 𝐋𝑗𝑘 

𝐋𝑗𝑘 = (
exp (−i𝜉𝑗𝑑𝑗) 0

0 exp (−i𝜉𝑗𝑑𝑗)
) with 𝜉𝑗 =

2𝜋

𝜆
𝑞𝑗, (7) 

where 𝜉𝑗𝑑𝑗 is the phase thickness of the layer and accounts for absorption losses. The so-called 

transfer or scattering matrix 𝐒 is the product of all optical processes within the stack 
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𝐒 = (
𝑆11 𝑆12

𝑆21 𝑆22
) = (∏ 𝐈(𝑣−1)𝑣𝐋𝑣

𝑛

𝑣=1

) 𝐈𝑚(𝑚+1). (8) 

Using the transfer matrix 𝐒, the amplitudes of in- (𝐸0) and outcoming (𝐸𝑚+1) light can be 

calculated by 

(
𝐄0

+

𝐄0
−) = 𝐒 (

𝐄𝑚+1
+

𝐄𝑚+1
− ). (9) 

If light is incident from positive 𝑧-direction and no light is entering the stack in negative 𝑧-

direction 𝐄𝑚+1
− = 0, the reflectivity 𝑅 and transmission 𝑇 can be calculated by 

𝑅 = |𝑟|² with 𝑟 =
𝐄0

−

𝐄0
+ =

𝑆21

𝑆11
, (10) 

𝑇 = |𝑡|² with t =
𝐄𝑚+1

+

𝐄0
+ =

1

𝑆11
. (11) 

If scattering is negligible, the absorption 𝐴 can be calculated directly by 

𝐴 = 1 − 𝑅 − 𝑇. (12) 

The TM scheme can also predict the electric field intensity within the stack and the corresponding 

equations can be found in Pettersson et al.61. 

In real samples, a non-negligible interlayer roughness is usually present. In first approximation 

this can be accounted for by scalar scattering using modified Fresnel coefficients and the 

roughness coefficient 𝜎, as adapted from Yin et al.62: 

𝑟𝑗𝑘 ′ = 𝑟𝑗𝑘exp (−2(2π𝜎/𝜆)²�̃�𝑗
2) and 𝑟𝑘𝑗 ′ = 𝑟𝑘𝑗exp (−2(2π𝜎/𝜆)²�̃�𝑘

2), (13) 

𝑡𝑗𝑘′ = 𝑡𝑗𝑘exp (−(2π𝜎/𝜆)²(�̃�𝑗 − �̃�𝑘)²/2) and 𝑡𝑘𝑗′ = 𝑡𝑘𝑗exp (−(2π𝜎/𝜆)²(�̃�𝑘 − �̃�𝑗)²/2), (14) 

here, 𝜆 is the wavelength. For sufficiently homogenous layers, that is, with low intralayer 

scattering, the thusly adapted TM scheme reproduces experimental transmission and reflectivity 

spectra reasonably well. In this thesis, the TM scheme is used to simulate the transmission and 

reflectivity of strongly and weakly coupled microcavity samples. 
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2.1.3 Planar microcavities 

Light-matter interaction can be modified using optical resonators. Optical resonators confine light 

spatially and temporally and by this manipulate the light-matter interaction of a material placed 

inside the resonator. A planar or also called Fabry-Pérot cavity is an optical resonator comprised 

of two parallel mirrors separated by the cavity length 𝐿𝐶. Cavities with 𝐿𝐶 approaching the 

wavelength of light are termed microcavities and in this thesis the term cavity will always refer 

to microcavity. The resonance condition is constructive interference.  For a light wave passing 

through a cavity under zero degree incidence, any integer multiple of the perpendicular 

wavevector component 𝑘⊥ (of the total wavevector 𝑘) fulfils the resonance condition60  

(Figure  2.1a) 

𝑘⊥ =
𝑚π

𝑛𝑒𝑓𝑓𝐿𝐶
 with 𝑘⊥ = 𝑘cos(𝜃), (15) 

where 𝑚 ∈  ℕ is termed the cavity order and 𝑛𝑒𝑓𝑓 is the effective refractive index between the 

mirrors. However, for light traveling under an angle 𝜃𝑖𝑛 inside the cavity, the total wavenumber 

𝑘 can be larger than 2π/𝜆, leading to a characteristic quasi-parabolic energy dispersion given by63 

𝐸𝐶(𝜃) =
ℎ𝑐𝑘

2π
=

ℎ𝑐𝑚

𝑛𝑒𝑓𝑓𝐿𝐶cos(𝜃)
= 𝐸0,𝑚(1 − (sin(𝜃)/ 𝑛𝑒𝑓𝑓)2)−1/2, (16) 

where the internal angle 𝜃𝑖𝑛, was replaced by the external angle of incidence using Snell’s law 

sin(𝜃𝑖𝑛) = 𝑛𝑎𝑖𝑟sin(𝜃)/𝑛𝑒𝑓𝑓. With increasing angle, the electric field oscillates within the cavity 

materials to different extents depending on its orientation, which leads to a mode splitting at high-

angles. Light with the electric field parallel to the plane of incidence forms the so-called TM- or 

p-branch, whereas light with the electric field perpendicular to the plane of incidence forms the 

TE- or s-branch. Furthermore, higher order cavity modes can be observed if the reflectivity of the 

mirror is spectrally broad enough, as is the case for metal mirrors. 
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The cavity quality is described by the 𝑄-factor, which is the ratio between the resonant cavity 

frequency 𝜔𝐶 and the full width half maximum (FWHM) Δ𝜔𝐶 of the cavity mode and is directly 

related to the photon lifetime 𝜏𝐶 within the cavity 

𝑄 =
𝜔𝐶

Δ𝜔𝐶
 or 𝑄 = 𝜔𝐶𝜏𝐶 . (17) 

The photon population inside the cavity is decaying exponentially due to absorption, scattering 

and leakage through the cavity mirrors. The former two require the material between the mirrors 

to exhibit a low parasitic absorption and a high homogeneity. The latter one can be reduced by 

increasing the mirror reflectivity to yield high 𝑄-factors. In case of metal mirrors, this can be 

achieved by increasing the metal layer thickness. But because metals have high extinction 

coefficients, the reflectivity becomes limited by absorption (Figure 2.1b, dashed grey line). 

Theoretically, metals, especially gold, can still provide high 𝑄-factors up to 500 in the near IR.60 

However, for organic or nanomaterials as a cavity layer, the 𝑄-factor is usually limited to values 

below 10040, 64-67, due to intrinsically high scattering and layer roughness. Higher quality factors 

can be achieved with dielectric mirrors, which have negligible absorption. However, dielectric 

mirrors provide reduced light confinement, as their reflectivity is based on sequential partial 

reflection and the light field penetrates far into the dielectric mirror before it is completely 

reflected.4 Accordingly, selection and design of the cavity mirrors is crucial for cavity 

performance and can be rationalized by TM simulations introduced in the previous section. In the 

following sections, the modification of the light-matter interaction by planar microcavities is 

discussed from a microscopic perspective. 
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Figure 2.1 a) Simulated electric field intensity inside a gold mirror cavity as a function of position 

within the stack. Dashed lines indicate the semi-transparent top and fully reflective bottom mirror. 

b) Simulated reflectivity of the cavity (red solid line) depicted in (a) with respective cavity mode 

Q-factors. The dashed lines show reflectivity (red), transmission (blue) and absorption (grey) of 

the top mirror. 

2.1.4 Weak light-matter coupling 

To treat phenomena such as light emission, especially with regard to cavity enhancement, a 

microscopic description has to be employed. An excited state 𝐸𝑒 can relax to its ground state 𝐸𝑔 

by emitting a photon with a frequency 𝜔 equivalent to the energy difference between the two 

states: 

ħ𝜔 = 𝐸𝑒 − 𝐸𝑔 . (18) 

Assuming, that the ground state is not re-excited for some time (i.e. weak light-matter coupling), 

the probability for the excited state to emit a photon of frequency 𝜔 can be calculated by Fermi’s 

golden rule60 

1

𝜏𝑠𝑝
=

2𝜋

ħ
|⟨𝑓|ℋ′|𝑖⟩|2𝜌𝑓(𝜔), (19) 

where ħ is the reduced Plank’s constant, ⟨𝑓|ℋ′|𝑖⟩ denotes the matrix element describing the 

coupling between initial excited state and final photon state for a first order perturbation and 𝜌𝑓 

denotes the density of available photon states with frequency 𝜔. Owing to the probabilistic nature 
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of this process the rate 1/𝜏𝑠𝑝 is called rate of spontaneous emission.4 In free space, the emission 

process is irreversible due to the large number of photon states. Furthermore, the transition 

probability purely depends on the nature of the excited state |𝑓⟩ in free space59 and is therefore 

also termed radiative rate with respect to material properties. 

The efficiency of light-matter interaction between an excited state and light is commonly 

described as the oscillator strength 𝑓 given by59 

𝑓 =
2𝑚𝜔0

ħ𝑒2
|⟨𝑓|ℋ ′|𝑖⟩|2, (20) 

where 𝑚 is the mass of the oscillator e.g., an electron, 𝜔0 is the oscillator frequency and 𝑒 is the 

elementary charge. Although, a high oscillator strength indicates efficient light-matter interaction, 

it does not necessarily indicate high luminescence. The excited state can also relax via non-

radiative processes such as energy dissipation through vibrations in molecules or lattice vibrations 

(phonons) in solids. These non-radiative decay processes can be fast compared to the spontaneous 

emission rate, even for high oscillator strengths. In the following, the term excited state will refer 

to electronic excitations and especially excitons (bound electron-hole pairs). 

2.1.5 The Purcell effect 

With the considerations made in the previous section, the effect of optical resonators on emissive 

materials becomes apparent: In the weak-coupling picture, optical resonators change the number 

of available photon states into which the emitter can decay radiatively, consequently modifying 

the spontaneous emission rate.4 Note, however, that plasmonic resonators may also affect non-

radiative decay rates.68 For a resonator detuned from the emission wavelength, the number of 

available photon states is reduced compared to free space, leading to a decrease of the emitter’s 

radiative decay rate. If the emission wavelength is in resonance, the number of available photon 

states is increased compared to free space, resulting in an increase of the radiative decay rate. The 

latter case is termed Purcell enhancement. For a planar microcavity the Purcell factor at the 

resonance wavelength 𝜆C depends on the cavity quality factor 𝑄 by60 
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𝐹𝑃
2D =

1

4𝜋

𝜆C

𝑛eff𝐿C
𝑄 (21) 

and gives the ratio between the emitter’s radiative decay rate in the cavity and free space 𝐹𝑃
2D =

𝛾𝑟𝑎𝑑
𝐶 /𝛾𝑟𝑎𝑑.  Experimentally, Purcell enhancement can be observed by a decrease in 

photoluminescence (PL) lifetime 𝜏𝑃𝐿 

𝜏𝑃𝐿 =
1

𝛾𝑛𝑜𝑛−𝑟𝑎𝑑 + 𝛾𝑟𝑎𝑑
, (22) 

where 𝛾𝑛𝑜𝑛−𝑟𝑎𝑑 is the non-radiative decay rate, and an increase of the photoluminescence 

quantum yield (PLQY) 𝛷, which is given by 

𝛷 = 𝛾𝑟𝑎𝑑 ∙ 𝜏𝑃𝐿 . (23) 

Inside the cavity, the radiative lifetime is decreased by 𝐹𝑃
2D. Using equations (22) and (23) the PL 

lifetime for a weakly coupled emitter inside a cavity can be written as 

𝜏𝑃𝐿
𝐶 =

1

𝛾𝑛𝑜𝑛−𝑟𝑎𝑑 + 𝐹𝑃
2D𝛾𝑟𝑎𝑑

= ((
1 − 𝛷

𝜏𝑃𝐿
) + 𝐹𝑃

2D (
𝛷

𝜏𝑃𝐿
))

−1

. (24) 

Purcell enhancement has been successfully applied to improve the emission pattern and brightness 

of light-emitting diodes (LEDs)69, 70 as well as the efficiency and dephasing in single-photon 

sources71-73. 

2.1.6 Strong light-matter coupling 

Due to the Purcell effect, the radiative lifetime of the exciton 𝜏𝑋 decreases with increasing cavity 

reflectivity, while the photon lifetime 𝜏𝐶 increases. The cavity enhancement can be brought to an 

extreme regime in which cavity photon and exciton decay rates become equal and photon and 

exciton start to coherently exchange energy before they decay.59 This regime cannot be treated 

perturbatively anymore as in section 2.1.4, as the emitter is constantly re-excited, and it is 

therefore termed strong light-matter coupling regime. In the strong coupling regime, photon and 

exciton possess a common lifetime, which is 
𝜏𝑋+𝜏𝐶

2
 for resonance and leads to broadening and 
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splitting of the cavity mode (Figure 2.2a and b). The transition between strong and weak coupling 

regime can be analysed by describing exciton and photon (or cavity mode) with a coupled 

oscillator (CO) model using the Hamiltonian74 

ℋ = (
𝐸𝑥 − 𝑖ℏ𝛤𝑋 𝑉

𝑉 𝐸𝐶(𝜃) − 𝑖ℏ𝛤𝐶
), (25) 

where 𝐸𝑥 is the exciton energy and ℏ𝛤𝑋 is the homogeneous linewidth given in terms of half width 

at half maximum (HWHM). 𝐸𝐶(𝜃) is the cavity energy given by equation (16) and ℏ𝛤𝐶 is the 

respective HWHM linewidth. The energy difference 𝐸𝑥 − 𝐸𝐶(0) is termed detuning 𝛥. For zero 

detuning or resonance (𝐸𝑥 ≈ 𝐸𝐶(0)), the matrix element 𝑉 and the cavity linewidth ℏ𝛤𝐶 can be 

written in terms of cavity mirror reflectivity 𝑅:75 

𝑉 = √
1 + √𝑅

√𝑅

𝑐ℏ𝛤𝑥
0

𝑛𝑒𝑓𝑓𝐿𝑐
, (26) 

ℏ𝛤𝐶 =
1 − √𝑅

√𝑅

ℏc

𝑛𝑒𝑓𝑓𝐿𝑐
, (27) 

where ℏ𝛤𝑥
0 is the exciton homogeneous linewidth without cavity enhancement. The diagonalized 

form of the Hamiltonian (25) is 

𝐸 =
1

2
(𝐸𝑋 + 𝐸𝐶(𝜃) − 𝑖(ℏ𝛤𝑋 + ℏ𝛤𝐶)) ± √𝑉2 + 0.25(𝐸𝑋 − 𝐸𝐶(𝜃) − 𝑖(ℏ𝛤𝑋 − ℏ𝛤𝐶))2 (28) 

and it can be given as a function of reflectivity using equations (26) and (27). If the cavity 

reflectivity is high enough, the square root expression becomes real. This occurs when the matrix 

element or coupling strength 𝑉 is larger than half the sum of the exciton and photon linewidths 

𝑉 >
|ℏ𝛤𝑋 − ℏ𝛤𝐶|

2
. (29) 

If this so-called strong coupling condition is fulfilled, a high and a low energy solution for 

equation (28) are obtained, termed upper polariton (UP) and lower polariton (LP) (Figure 2.2b). 

Note that the condition in equation (29) is softened for inhomogeneously broadened excitons.76 
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The separation between UP and LP at 𝐸𝐶(𝜃) = 𝐸𝑋, is called Rabi splitting ℏΩ𝑅, here given for 

absorption: 

ℏΩ𝑅 = √𝑉2 −
1

2
(ℏ𝛤𝐶

2 + ℏ𝛤2). (30) 

The Rabi splitting can be experimentally determined by fitting equation (28) to experimentally 

observed UP and LP modes. For this fit, equation (30) has to be adapted for transmission, 

reflectivity or photoluminescence (PL). The respective expressions can be found in Savona et 

al.75. However, for reflectivities well within the strong coupling regime, the splitting in absorption 

is approximately equal to the splitting in reflectivity,75 which is why equation (30) is used to fit 

the data presented in this thesis. 

 

Figure 2.2 a) Cavity photon, exciton and polariton decay rates as a function of mirror reflectivity. 

The cavity photon decay rate for an empty cavity is given for comparison as a dashed line in the 

strong coupling regime. b) Mode splitting in absorption as a function of reflectivity. The gap 

between UP and LP mode at the onset of strong coupling equals 𝑉 =  |ℏ𝛤𝑋 − ℏ𝛤𝐶|/2. The dashed 

line indicates the onset of strong coupling. The data was calculated using the SWCNT 

homogeneous linewidth ℏ𝛤𝑥
0 = 0.4 meV and 𝑛𝑒𝑓𝑓 = 2.08. 

UP and LP are mixed light-matter states and they are dispersive owing to 𝐸𝐶(𝜃), which is why 

they are also referred to as branches. Their respective photon (exciton) fractions 𝛼 (𝛽), also termed 
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Hopfield coefficients, can be calculated by projection of UP and LP onto the respective exciton 

|X⟩ = (1
0
) and photon |C⟩ = (0

1
) states by 

 𝛼𝑈𝑃/𝐿𝑃 = |〈𝑈𝑃/𝐿𝑃|𝐶〉|2 and 𝛽𝑈𝑃/𝐿𝑃 = |〈𝑈𝑃/𝐿𝑃|𝑋〉|2. (31) 

The description presented above can be readily extended to include multiple excitons and cavity 

modes, by extending the Hamiltonian given in equation (25). Furthermore, any kind of material 

excitation can be described, including non-emissive excitations, as long as the excitation exhibits 

a distinct resonance in the dielectric function77 e.g., molecular emitters with vibronic replica7 or 

other quasi-particles such as trions42. Accordingly, the term exciton may occasionally be replaced 

with the more general term oscillator, representing any kind of vibrational or electronic excited 

state. 

It is important to note, that the data presented in Figure 2.2 were calculated for an ideal case of 

cavity-emitter interaction, assuming a homogeneously broadened exciton without non-radiative 

decay channels. In real samples, more than one exciton (or molecule) is coupled to the cavity and 

the respective resonance may be inhomogeneously broadened. The properties of such systems are 

discussed in the next section. 

2.2 Microcavity exciton-polaritons 

This section introduces the spectroscopy of exciton-polaritons together with their potential 

applications. The discussion is focused on microcavity polaritons based on disordered excitonic 

systems and organic emitters in particular, as these systems exhibit important parallels to exciton-

polaritons based on SWCNTs and are more closely related than work on inorganic polaritons in 

regard to sample properties. Examples for exciton-polaritons based on disordered materials are 

small organic molecules14, 78-81, conjugated polymers15, 16, fluorescent proteins17, 18, J-aggregates57, 

82 and random networks of single-walled carbon nanotubes40, 43. The term exciton-polariton is 

commonly used to refer to strong coupling of electronic excitations, regardless of the specifics of 

the underlying emitter. This is owed to the fact, that the polariton-modes and conditions for strong 
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coupling in all cases are well described by the coupled oscillator model introduced in 

section 2.1.6. However, the observed photophysical properties of exciton-polaritons are 

connected to the underlying emitter, which is discussed in the following sections. 

2.2.1 Exciton-polariton states 

In practice, exciton-polaritons are created by coupling an ensemble of emitters to the light field, 

with the exception of single-molecule strong coupling. At room temperature, selecting a single 

emitter requires subwavelength mode volumes, which can only be achieved in plasmonic 

cavities.83 Furthermore, the oscillator strength of a single emitter may be too small to reach the 

strong coupling regime.84 For an ensemble of excitons, however, the matrix element 𝑉 of equation 

(25) increases with number of excitons or oscillators 𝑁 by 

𝑉𝑁 = 𝑉√𝑁, (32) 

where 𝑉𝑁 is the coupling strength of the ensemble. In a full quantum electro-dynamical picture, 

expression (32) can be derived from the Tavis-Cummings model,84 but it can also be derived 

classically from an inhomogeneously broadened resonance in the dielectric function.77 For a 

strongly coupled ensemble, the system consists of 𝑁 + 1 states, with one exciton and the photon 

mode forming the bright polariton states UP and LP, presented in the section 2.1.6. That leaves 

𝑁 − 1 degenerate states with the energy 𝐸𝑥 called dark states, due to their small photonic 

component85 (Figure 2.3a). It is important to note, that they still exhibit weak absorption,77 

indicating finite coupling to light. Together with high momentum states of the LP branch, which 

are not optically accessible with 𝑘∥ >
2𝜋

𝜆
, they form the so-called exciton reservoir (Figure 2.3b). 

The reservoir population possesses the properties of the weakly coupled emitter, due to their small 

photon fraction. In case of disordered excitonic materials, a manifold of uncoupled states also 

exists due to emitters with misaligned dipoles.43 For conventional organic microcavities in the 

linear regime, the bright state population is about 10-7 times smaller, than the reservoir states, 
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including dark states, high momentum states and uncoupled states. In the next section the 

interplay between these different states will be discussed. 

 

Figure 2.3 a) Schematic representation for coupling of an ensemble of excitons to a photon mode. 

b) Dispersion of UP and LP as a function of in-plane momentum. Exciton energy and photon 

modes are indicated by dashed lines. The boundary of the optical accessible part of the in-plane 

momentum is indicated by the grey line.  

2.2.2 Exciton-polariton dynamics 

The polariton dynamics are governed by the interaction between bright and dark states.58 The 

polariton bright state lifetime 𝜏𝑈𝑃/𝐿𝑃 depends on the cavity and the exciton lifetime according to 

𝜏𝑈𝑃/𝐿𝑃 = 𝛼𝑈𝑃/𝐿𝑃𝜏𝐶 + 𝛽𝑈𝑃/𝐿𝑃𝜏𝑒𝑥, (33) 

where 𝛼𝑈𝑃/𝐿𝑃 and 𝛽𝑈𝑃/𝐿𝑃 are the photon and exciton fraction, respectively. The bright state 

lifetime can be determined experimentally by measuring the polariton linewidth, which is 

broadened in comparison to the empty cavity by the exciton component. Note that 𝜏𝑒𝑥 is the cavity 

reduced exciton radiative lifetime. Owing to the Hopfield coefficients 𝛼𝑈𝑃/𝐿𝑃 and 𝛽𝑈𝑃/𝐿𝑃, the 

bright state lifetime has an angular dependence.86 With bright state lifetimes ranging from 15 to 

200 fs in organic microcavities, the angle-dependence may be obscured by the measurement 

accuracy.87 
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The polariton dark states inherit the lifetime of the weakly coupled emitter and are non-

adiabatically coupled to the polariton bright states.58, 88 The coupling efficiency is determined by 

the overlap between bright and dark states, where the density of dark states can be approximated 

by the absorption spectrum of the weakly coupled emitter.12 Coupling to dark states connects the 

UP population to the LP population. If the cavity is tuned in resonance with the dark state or 

exciton energy, respectively, the LP population oscillates with the Rabi frequency Ω𝑅 and 

produces a characteristic beating in the polariton decay.89 Coupling to the dark states is also 

responsible for the fact, that polariton emission is predominantly observed from the LP.90 Under 

resonant excitation, non-adiabatic coupling to dark states increases the experimentally observed 

polariton lifetime of the bright states.91-93 Hence, the experimentally observed polariton 

fluoresence lifetime is always longer than the bright state lifetime given by equation (33). To 

stress this fact, the bright state polariton lifetime calculated by linewidth is refered to as polariton 

intrinsic lifetime in the following parts of this thesis. Apart from resonant excitation of the 

polariton bright states, polaritons can be injected off-resonantly by excitation of high energy 

emitter states. The latter excitation scheme reveals the influence of the emitter’s photophysics on 

the polariton dynamics and population.  

Under off-resonant excitation, the emitter first undergoes internal conversion (IC) to the lowest 

lying exciton or reservoir states, respectively (Figure 2.4a). From the exciton reservoir, three 

population mechanisms have been proposed:94 Firstly, reservoir excitons can scatter with acoustic 

phonons in case of crystalline solids95, or molecular translational vibrations in case of amorphous 

solids96 (Figure 2.4 (i)). Secondly, reservoir excitons can scatter with optical phonons in case of 

atomic crystals97, or intramolecular vibrations (vibrationally assisted scattering, VAS) in case of 

molecular materials98-100 (Figure 2.4 (ii)). Lastly, if the two former processess are slow compared 

to the reservoir excitons’ radiative rate, the polaritons can be populated by reservoir excitons in 

their fluorescing state, which is termed radiative pumping80 (Figure 2.4 (iii)). Formerly, radiative 

pumping was hypothesized to be emission of weakly coupled photons by the emitter, that are re-
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absorbed by resonant polariton states. However, recent molecular dynamics simulations suggest, 

that this energy transfer is based on non-adiabatic coupling of the fluorescing state to the 

polaritons rather than a true emission event66 (Figure 2.4b (iii)). This explains why for radiatively 

pumped polaritons, the photonic part of the polariton does not act via Purcell enhancement on the 

weakly coupled reservoir states, but the fluoresence lifetime of the uncoupled emitter is 

retained.57, 80, 92 Although, the term radiative pumping becomes somewhat misleading in this 

context, it will be used in this thesis to not confuse its relation to earlier studies. 

 

Figure 2.4 Polariton population mechanisms for organic exciton-polaritons with the lower 

polariton tuned to the second vibronic fluorescence replica. The colour grey indicates the weakly 

coupled emitter states, with the wavey arrow denoting internal conversion (IC) and straight arrows 

indicating molecular fluorescence. Dashed arrows indicate polariton population mechanisms, 

namely scattering with intermolecular vibrations (i, orange), scattering with intramolecular 

vibrations (ii, black) and radiative pumping (iii). The LP fluorescence is indicated as a red arrow. 

a) Polariton population from the reservoir states outside the light cone (light grey lines) into the 

LP. The cavity mode is indicated (dotted grey line). b) Schematic representation of the energy 

levels in (a) on the molecular level. The cavity mode is replaced by the ground states raised by 

the energy of the cavity photon ℏ𝜔𝐶 at 𝑘∥ = 0 (dotted grey line).84 Scattering with an 

intramolecular vibration is indicated by a black curved arrow and non-adiabatic energy transfer 

(radiative pumping) is indicated as a blue dashed arrow. LP and molecular fluorescence are given 

for comparison. 
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All three popualtion processes, that is scattering inter- and intramolecular vibrations, as well as 

radiative pumping, are significantly slower than the intrinsic polariton lifetime and can be 

considered rate limiting for the polariton population. Especially for organic polaritons, the short 

intrinsic polariton lifetime inhibits polariton relaxation along the LP branch to the zero inplane 

momentum (𝑘∥ = 0) LP ground state.94 Therefore, population distribution along the LP branch 

arises purely from direct population of the LP states and population maxima cannot be interpreted 

as so-called relaxation bottlenecks, as was done in earlier studies.15, 40, 101 However, if the LP(𝑘∥ =

0) state is tuned to a population maximum, the population rate can be faster than the intrinsic 

polariton decay under high excitation densities, leading to an accumulation of polaritons in the 

LP ground state.102 In this regime, population into the LP ground state is believed to be facilitated 

by bosonic relaxation, also refered to as stimulated-scattering, leading to a superlinear increase of 

the polariton population above the accumaltion threshold. Such a situation is termed polariton 

condensation. The condensate is a single, macroscopically occupied quantum state and hence its 

decay leads to coherent emission from the cavity with a super linear power dependence. 

Accordingly, this phenomon is termed polariton lasing and is related to Bose-Einstein 

condensation.6 Even though, polariton condensation was observed for a range of organic 

materials, such as small organic molecules,7, 13, 14 conjugated polymers15, 16 and fluorescent 

proteins17, 18, the specific material properties required to reach the condensation threshold remain 

ellusive. Some authors claim that the photoluminescence quantum yield (PLQY) in combination 

with radiative pumping is crucial,79, 80 while others argue that vibrationally assisted scattering is 

required to overcome the condensation threshold.23, 100 This thesis aims to elucidate this question 

for single-walled carbon nanotubes and to investigate the validity of the aforementioned concepts 

for exciton-polaritons based on low dimensional, disordered semiconductors. 

2.3 Single-walled carbon nanotubes 

Single-walled carbon nanotubes (SWCNTs) possess rich photophysics, which are distinct from 

organic as well as inorganic emitters. The SWCNT geometric and electronic structure can be 
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derived from a rolled-up sheet of graphene. Depending on the roll-up or chirality vector, given in 

terms of integer multiples (𝑛, 𝑚) of the primitive graphene lattice vectors, carbon nanotubes can 

be either metallic or semiconducting.103 Nanotubes exhibit a prototypical one-dimensional band 

structure with characteristic van Hove singularities and a bandgap inversely proportional to the 

SWCNT diameter.104 

This work focuses on the semiconducting (6,5) chirality, which can be readily isolated in large 

quantities and high purity by selective polymer-wrapping by PFO-BPy [(9,9-dioctylfluorenyl-

2,7-diyl)-alt-co-(6,6’-(2,2’-bipyridine))] from mixed nanotube raw material using sheer force 

mixing.105 The following subsections present photophysical properties of nanotubes with respect 

to (6,5) SWCNTs, their manipulation by chemical functionalization and concludes with the 

previous work on SWCNT exciton-polaritons. 

2.3.1 SWCNT optical properties 

Due to the one-dimensional SWCNT structure, electrons and holes are strongly correlated in 

nanotubes, giving rise to excitons with large binding energies (200-400 meV)106, 107 and narrow 

linewidths at RT (10-15 meV)108, that dominate their absorption and emission spectra. Even in 

densely packed SWCNT films the RT linewidth remains below 100 meV109. Nanotube excitons 

are commonly labelled with respect to the transition between the corresponding van Hove 

singularities, that is E11, E22 and so forth. For (6,5) nanotubes (Figure 2.5a), the E22 transition is 

about 2.15 eV (576 nm) and the E11 transition is about 1.23 eV (1005 nm) in thin films of random 

SWCNT networks. Due to fast internal relaxation from higher excitons to the E11 state (E22→E11 

~ 100 fs)110 emission is exclusively observed from the E11 exciton in the NIR. 
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Figure 2.5 a) Schematic representation of the (6,5) SWCNT single electron-hole pair transitions. 

b) Schematic representation of the SWCNT singlet exciton energy levels as function of relative 

momentum as described by Perebeinos et al..111 The dotted line highlights the minimum of the 

bright exciton dispersion. 

Owing to their graphene lattice, SWCNTs exhibit a valley structure with a doubly degenerate 

valence and conduction band (VB and CB, Figure 2.5a). Accordingly, there are four distinct 

electron-hole pair excitations, each comprising one singlet and three triplet configurations leading 

to a total of 16 excitons. Coulomb interactions lift the degeneracy between excitons of different 

parity and momentum and singlet-triplet exchange splitting lifts their spin-degeneracy.111  Due to 

the weak spin-orbit coupling in SWCNTs, all triplet excitons are dark. They may be detected 

under external magnetic fields or in the long-lived fluorescence under low repetition, pulsed 

excitation.112-116 

The following focusses on the singlet exciton manifold. The dark even parity exciton E11(D) is 

lowest in energy (Figure 2.5b), hence, radiative recombination is inhibited at thermal energies 

below the even-odd parity splitting.111, 117 Next in energy is the bright odd parity exciton, giving 

rise to the fundamental E11 transition (Figure 2.5b). Above the odd parity exciton lay the two, 

degenerate momentum-forbidden excitons E11(K), which are partially allowed by coupling with 

the so-called D0 phonon giving rise to a phonon sideband in absorption (Figure 2.6b).118, 119 The 
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exciton dispersion is parabolic close to the band minimum, with the E11(B) exciton dispersion 

being distorted by large exchange energy (Figure 2.6b).111 

 

Figure 2.6 a) Schematic representation of luminescent (6,5) SWCNT transitions. The PL band 

notation is given in red. b) PL (red) and absorption spectrum (black) of (6,5) SWCNT in a polymer 

matrix. Impurities of other chiralities are indicated by an asterisk. 

Apart from the fundamental E11 transition, a series of weak, red-shifted peaks are observed in the 

(6,5) SWCNT emission spectrum. These peaks will be referred to as photoluminescence side 

bands (PSBs) and are shown in Figure 2.6. The G1 transition arises from decay of the E11(B) states 

under emission of a G0 phonon,120 whereas the X1 transition originates from decay of the partially 

allowed E11(K) exciton.120, 121 The Y1 transition is believed to be of extrinsic origin as it shows 

tube-to-tube variations.122 The Ox transition shows batch-to-batch variations and might be 

connected to unintentional luminescent oxygen defects.123 In this work, the Ox transition is 

observed for samples that were prepared under ambient conditions.  
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2.3.2 SWCNT exciton dynamics 

The SWCNT exciton dynamics are dominated by the interplay between their one-dimensional 

properties, that is their transport and diffusion properties, and the zero-dimensional or molecular-

like behaviour of their strongly-bound excitons.110 From this, a plethora of short and long-lived 

species arise, with the most prominent ones depicted in Figure 2.7a. After generation, excitons 

may dissociate into free carriers124 or diffuse up to a few hundred nanometres along the 

nanotube125. Due to the aforementioned fast internal relaxation, diffusion is only relevant for the 

E11 exciton.110 Its lifetime is limited by diffusive quenching at the nanotube ends or non-radiative 

defects.126-128 At higher excitation densities, the quenching rate is increased by exciton-exciton 

annihilation via an Auger-type mechanism129-131 with a cubic dependence on the exciton density 

in defect free nanotubes132. The carrier generation efficiency increases with the energy of the 

excited exciton (E11<E22<E33)133 and depends on pump fluence, wrapping polymer and dielectric 

enivronment.55, 133 The photocarriers may form bound states with excitons, termed trions,53, 134, 135 

or with the nanotube lattice, termed polarons136-138, leading to characteristic signatures in SWCNT 

transient spectra. However, in PFO-BPy wrapped SWCNTs these signatures are much weaker or 

even absent, due to less efficient charge carrier generation.55 In this system, significant trion 

features are only observed upon chemical55 or electrical doping54 and polaron features may be 

observed under excitation of higher excitons at increased pump fluences.55 
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Figure 2.7 a) Schematic illustration of the excited state processes in SWCNTs. In PFO-BPy 

wrapped (6,5) SWCNTs, the amount of photoinduced charges and the concomitant species are 

strongly reduced, as is the triplet generation in film. b) Typical transient absorption spectrum for 

E22 excitation of (6,5) SWCNTs in a PFO-BPy matrix with the transitions of (a) indicated (dashed 

lines). The asterisk denotes the (9,1) impurity. 

In the following, the dominant transient features of (6,5) SWCNTs in a PFO-BPy matrix will be 

discussed and are shown in Figure 2.7b. The peak assignment follows previous observations made 

for semiconducting SWCNTs in liquid samples and gelatine matrices. The discussed transitions 

in solid films relate to those observed for liquid samples of PFO-BPy wrapped SWCNTs in 

tetrahydrofuran55 by a consistent red-shift of 10-20 meV. All NIR transient SWCNT absorption 

spectra are dominated by the ground state bleach of the E00→E11 transition (Figure 2.7b)55, 138 

persisting up to hundreds of picoseconds, likely due to carrier induced bleaching.53 The ground 

state bleach (GSB) features a strong photoinduced absorption at its blue and red flanks, which 
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arise from a red-shift of the E11 absorption during excitation139, supposedly due to carrier induced 

lattice deformations.137 The high intensity of the blue flank was also attributed to transitions from 

the even parity dark exciton E11(D) into the two exciton manifold.140 Hence, the full picture 

remains to be clarified conclusively.129, 137, 139-141 The photoinduced bleach of the E11(K)+E(D0) 

phonon sideband (Figure 2.7b, 1.43 eV) approximately follows the GSB behaviour. Apart from 

the features mentioned above, the SWCNT transient absorption spectra exhibit sample specific 

features, such as the absorption band around 1.35 eV (Figure 2.7b, asterisk), caused by a (9,1) 

SWCNT impurity present in PFO-BPy-selected SWCNTs. 

Regarding the transient products, SWCNT prominently feature generation of biexcitons (BX), a 

bound state of two excitons analogous to molecular hydrogen. The E11→E11,BX transition occurs 

about 110 meV below the GSB (Figure 2.7b),53, 134 exhibiting a red-shift following the E00→E11 

transition. SWCNT biexcitons can be created resonantly, which indicates, that their formation 

involves defects or deformations, allowing this otherwise forbidden transition.134 Biexcitons 

annihilate by coupling to the electron-hole continuum of the respective exciton with a lifetime of 

about 60 fs in SWCNTs.134 The decay of their transient signal, however, follows the exciton 

population and is long-lived.53 The biexciton signal may exhibit a red shoulder after a few 

picoseconds (Figure 2.7b) which is attributed to polaron generation assisted by the PFO-BPy 

wrapping polymer55 and depends on the number of induced carriers. Despite the fast intersystem-

crossing (ISC) in SWCNT (~ 20 ps)142, the triplet exciton 3E11→3Enn transition is weak for PFO-

BPy wrapped SWCNTs55 and virtually absent in films (Figure 2.7 b, ~ 1.06 eV). The remaining 

prominent photoinduced absorption is attributed to higher exciton transitions Enn→Emm
133, 136, 138, 

143 and decays within about 10 ps (Figure 2.7b, ~ 0.95 eV). Radiative recombination of excitons 

plays a negligible role in the transient absorption features of SWCNTs due to the fast non-

radiative processes discussed before53 and there is no report of stimulated emission signatures. 

Radiative recombination of excitons in SWCNT has to be investigated separately in time-

dependent luminescence experiments. The odd parity bright singlet exciton E11(B) exhibits a 
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biexponential fluorescence decay. The short lifetime component has been attributed to decay 

through radiative and non-radiative channels, followed by a slower decay attributed to population 

exchange with the long lived dark excitons.125, 144 Under off-resonant excitation, the SWCNT PL 

sidebands also exhibit this biexponential behavior but with longer lifetime components. This is in 

agreement with the sideband origins discussed in the previous section (Figure 2.6, PSB), 

connecting the sideband emission directly or indirectly (in case of the E11(K)-related X1 band) to 

the E11(B) population. For very short nanotubes or high defect densities, the fluorescence decay 

becomes monoexponential and the influence of dark-bright exciton redistribution vanishes.144 In 

long, defect free nanotubes, the dark exciton lifetime (> 2.4 ns) is still diffusion limited, with 

conversion efficiencies to the E11(B) state of up to 50%.125 Hence, in both regimes, the SWCNT 

PLQY is governed by diffusive quenching (< 0.2 % in (6,5) SWCNT thin films).126 However, not 

all nanotube defects lead to quenching and some may exhibit bright PL, such as specific oxygen 

defects mentioned in connection with the PL sidebands.123 Recently, synthetic methods have been 

developed to introduce luminescent defect configurations, that trap mobile excitons and facilitate 

radiative recombination. This is discussed in the next section. 

2.3.3 Luminescent sp3 defects 

Luminescent sp3 defects, also referred to as organic colour centres or quantum defects,145 are able 

to trap mobile excitons and serve as radiative recombination sites, leading to red shifted emission 

in the NIR with substantially increased PLQY (2-8 fold).49, 50 These defects may be introduced 

synthetically via various chemical reactions146 and their properties depend on defect density50, the 

introduced functional group147 and on the defect binding configuration148. Upon functionalization, 

two sp3 hybridized carbon atoms are created within the sp2 hybridized nanotube lattice, distorting 

the energetic landscape of the nanotube and creating excitonic trap states on the order of 100 meV 

below the E11 exciton (Figure 2.8a).149 With regard to their binding configuration, two main types 

of defects have been identified, commonly termed E11* (emission peak at 1.05 eV or 1180 nm) 

and E11*- (emission peak at 0.95 eV or 1300 nm) in case of (6,5) nanotubes (Figure 2.8b). The 
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defects efficiently trap mobile excitons already at low densities (~1 µm-1) and increase the 

SWCNT PLQY mainly by preventing diffusive quenching at non-radiative defects.50, 150 

However, high sp3 defect densities (> 14 µm-1) reduce the PLQY, due to disruption of the 

nanotube lattice.50, 150 At optimum densities for PFO-BPy wrapped (6,5) SWCNTs (~8 µm-1) the 

PLQY is increased to about 4 %, with about 90 % of emission from the defect states.50 

 

Figure 2.8 a) Schematic depiction of the defect states and recombination dynamics. Red arrows 

indicate radiative decay and blue arrows indicate non-radiative deactivation. Trapping of 

diffusing excitons and equilibration between defect dark and bright states is denoted by black 

arrows. b) PL (red) and absorption spectrum (black) of sp3-functionalized (6,5) SWCNTs in a 

polymer matrix. 

Although, luminescent sp3 defects possess radiative lifetimes similar to the mobile SWCNT 

excitons on the order of 1-10 ns111, 151, 152, their fluorescence lifetimes are prolonged compared to 

pristine SWCNTS, owing to their reduced non-radiative decay.153, 154 The dominant non-radiative 

decay channel in sp3 defects in non-polar environments at low temperatures is multi-phonon decay 

(MPD).153 At higher temperatures, thermal de-trapping (TD) becomes relevant, explaining the 

longer lifetime of more red-shifted defect configurations, that correspond to deeper trap states.149 

Together, they dominate the exciton relaxation at room temperature 

1

𝜏𝑟𝑒𝑙𝑎𝑥
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𝜏𝑇𝐷
+

1

𝜏𝑀𝑃𝐷
+ 𝑘𝑜𝑡ℎ𝑒𝑟, (34) 
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where 𝑘𝑜𝑡ℎ𝑒𝑟 refers to any quantitative deviation between equation (34) and the experimentally 

obtained decay. For samples with shorter lifetimes, such as polymer-embedded networks of 

SWCNTs (100-200 ps), 𝑘𝑜𝑡ℎ𝑒𝑟 is dominated by additional non-radiative deactivation channels 

such as interaction with the polymer matrix155. In liquid samples of non-polar solvents, longer 

lifetimes are observed (100-500 ps), indicating a higher contribution of slow, radiative 

recombination.153 In analogy to pristine SWCNTs, sp3 defects exhibit a biexponential 

fluorescence decay, which is as well attributed to the presence of various defect dark states 

energetically close to a single bright defect state.154 The short lifetime component is believed to 

contain the aforementioned exciton relaxation channels and the redistribution between bright and 

dark states 𝜏𝐵𝐷
153 

1

𝜏𝑠ℎ𝑜𝑟𝑡
=

1

𝜏𝐵𝐷
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≈

1

𝜏𝐵𝐷
+

1

𝜏𝑛𝑜𝑛−𝑟𝑎𝑑
, (35) 

assuming that the same relaxation channels apply to bright and dark states. This assumption is 

valid if the non-radiative decay is significantly faster than the radiative decay. The long lifetime 

component represents the pure exciton relaxation (
1

𝜏𝑟𝑒𝑙𝑎𝑥
<

1

𝜏𝐵𝐷
+

1

𝜏𝑟𝑒𝑙𝑎𝑥
), without redistribution, 

that is through radiative and non-radiative channels153, 154 
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Accordingly, the contribution of radiative recombination is higher than for the short component. 

In contrast to pristine nanotubes, the defect bright state is lowest in energy. Hence, at thermal 

energies below the gap between bright and dark states, the fluorescence decay becomes mono-

exponential.156, 157  

2.3.4 Strong coupling with SWCNT 

Over the last few years, semiconducting single-walled carbon nanotubes have emerged as an 

excellent material for strong coupling in the near infrared (NIR) owing to their unique 
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photophysical properties described above. SWCNT exciton-polariton can be readily created in 

metalclad cavities containing dense random networks of SWCNTs in a polymer matrix.40 

Additionally, their high ambipolar charge transport enables electrical injection of polaritons.41 

Their large oscillator strength E11 excitons facilitate strong coupling in plasmonic lattices44, 45 and 

reaching the ultrastrong coupling regime.56 When using pure films of aligned SWCNTs, even the 

weaker E22 transition can be ultrastrongly coupled.43 In high density SWCNT films (~40 wt%56), 

the absorption phonon-sideband of the momentum-forbidden dark E11(K) (section 2.3.1) is 

strongly coupled as well42, 56, leading to cavity-mediated hybridization between bright and dark 

excitons.56 However, the effect of this hybridization on the polariton PLQY remains elusive.56 

Upon electrochemical doping of cavity-embedded, strongly coupled SWCNTs, the emergence of 

SWCNT trion-polaritons was observed.42 Yet, interaction of SWCNT exciton-polaritons with 

biexcitons and luminescent defects had not been investigated at the beginning of this thesis. 

Furthermore, there exists little knowledge of the population mechanism of SWCNT exciton-

polaritons, a subject which is crucial in regard to application in devices as well as to polariton 

condensation. In the results part of this thesis, these open questions are addressed.  
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2.4 Organic photodiodes 

Organic photodetectors are an interesting alternative to conventional inorganic photodetectors 

due to their wavelength tunability, low-cost manufacturing and compatibility with lightweight, 

flexible devices, despite their commonly inferior device performance in comparison with their 

inorganic counterparts.158 Photodetectors may be created from phototransistors, photoconductors 

or photodiodes.159 The following discussion focuses on photodiodes as it serves as basis for the 

strongly coupled photodiodes presented in Chapter 6. 

Due to the typically large exciton binding energies found for organic materials, spontaneous 

exciton dissociation into electrons and holes is inhibited for most materials, with a few exceptions 

such as polythiophene derivates.159 This inhibition can be overcome by employing an electron-

donating material (D) and an electron-accepting material (A). Donor-acceptor (DA) pairs can be 

selected by choosing materials with low ionization potential for D and high electron affinity for 

A. Given that the lowest unoccupied molecular orbital (LUMO) of the acceptor is higher in 

energy, than the highest unoccupied molecular orbital (HOMO) of the donor, excitons can be 

dissociated at the DA-interface. Figure 2.9a depicts photoinduced electron transfer from the 

HOMO of D to the HOMO of A for photoabsorption of A. If a photon of lower energy is absorbed 

by D, electron transfer can occur from the LUMO of D to the LUMO of A (not depicted). Prior 

to dissociation into free charges, a charge transfer (CT) state is formed (Figure 2.9b) with the hole 

occupying the HOMO of D and the electron occupying the LUMO of A. Consequently, less 

strongly bound CT states facilitate exciton dissociation into charge carries.160 In DA systems, the 

interface for exciton dissociation can be increased by blending of the D and A phases, whereas 

charge carrier extraction is facilitated by continuous D and A phases (Figure 2.9b). Accordingly, 

the morphology of the DA system is crucial, with DA blends commonly achieving better device 

performances for optimized morphologies.161 An active layer with a homogeneous D and A phase 

is termed flat heterojunction (FHJ), whereas intermixed D and A phases are referred to as bulk 

heterojunctions (BHJ). 
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Figure 2.9 a) Photoinduced electron transfer from the HOMO of D to the HOMO of A. b) Device 

schematic of a BHJ photodiode with hole and electron transport layers (HTL and ETL) and 

reflective top and transparent bottom electrode. Exciton generation (blue wavy arrow), diffusion 

(black solid arrow), CT state dissociation and carrier extraction (black dashed arrows) are 

indicated. c) Idealized current density-voltage (𝐽𝑉) curve of a photodiode in the dark and under 

illumination. The current density of the diode is calculated using the Shockley equation. For 

illumination a current source is added in parallel to the diode.162 OPD and OSC operation regimes 

are indicated. 

Photodiodes are two terminal devices with commonly vertical topology, that is, the active medium 

is sandwiched between the contacts (Figure 2.9b).159 The contacts may be metallic, with the 

bottom contact being transparent and hence often replaced by a conductive oxide to increase light 

in-coupling. In addition, charge transport or blocking layers may be used to either improve charge 

extraction or block charges of opposite sign, depending on the specific energy level alignment for 

a given D-A-electrode combination. Depending on diode operation, the device may be considered 

a solar cell, that is for forward bias operation below the open circuit voltage (Figure 2.9c, dashed 

square), or a photodetector, that is for zero or reverse bias operation (Figure 2.9c).163 The area 

indicated in Figure 2.9c (dashed square) corresponds to the maximum power extractable from the 

solar cell.162 The minimum of the current density curve corresponds to the open circuit voltage. 

Increasing the open circuit voltage increases the solar cell power conversion and can be achieved 

by large HOMO(D)-LUMO(A) gaps160 or a steep absorption edge (low Urbach energy)164. 
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Depending on the photodetector application, various figures of merit may be of importance.  Here, 

the discussion shall be limited to the most fundamental two, that is the external quantum 

efficiency (𝐸𝑄𝐸) and the specific detectivity (𝐷∗). The EQE describes the ratio between collected 

charge carriers (𝑛𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠) and incident photons (𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠) of a device and is often given as the 

spectral responsivity ℛ(𝜆)163 

𝐸𝑄𝐸 =
𝑛𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠
=

ℎ𝑐

𝑒𝜆
ℛ(𝜆), (37) 

where e is the elementary charge. The efficiency depends on the morphology and thickness of 

active and charge transport layers, the absorption and recombination losses within these layers 

and the in-coupling efficiency of the incident light field. The internal quantum efficiency (IQE) 

describes the efficiency of photocarrier generation in terms of absorbed photons, that is, the EQE 

corrected for reflection (R) and transmission (T) of the device 

𝐼𝑄𝐸 =
𝑛𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠,𝑎𝑏𝑠.
=

𝐸𝑄𝐸

1 − 𝑅 − 𝑇
. (38) 

As all electronic devices, OPDs are subject to noise, which limits the detection at low light 

intensities. The total spectral noise density 𝑆𝑛𝑜𝑖𝑠𝑒(𝑓) is given by163  

𝑆𝑛𝑜𝑖𝑠𝑒(𝑓) = √𝑆𝑠ℎ𝑜𝑡
2 + 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙

2 + 𝑆1/𝑓
2 , (39) 

where 𝑆𝑠ℎ𝑜𝑡
2  is the shot noise, arising from the discreteness of electric charges and increases with 

dark current 𝑖𝑑𝑎𝑟𝑘 𝑆𝑠ℎ𝑜𝑡
2 = √2𝑒𝑖𝑑𝑎𝑟𝑘. The thermal noise 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙

2  arises from thermal excitation 

of carriers, especially in case of low shunt resistance 𝑆𝑠ℎ𝑜𝑡
2 ∝ √𝑅𝑠ℎ𝑢𝑛𝑡

−1 . The 1/𝑓-noise 𝑆1/𝑓
2  may 

have different origins, but mostly arises from carrier recombination, which increases for lower 

electrical frequencies 𝑆1/𝑓
2 ∝ 1/𝑓. The specific detectivity 𝐷∗(𝜆, 𝑓)  accounts for the total spectral 

noise density 𝑆𝑛𝑜𝑖𝑠𝑒(𝑓) at a given responsivity ℛ(𝜆) and is normalized to the device active area 

𝐴𝑎𝑐𝑡𝑖𝑣𝑒 for better comparison between different devices (note that absorption is referred to as 𝐴 
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in this thesis). For organic photodiodes (OPDs), the shot noise is commonly the dominant noise 

source and hence 𝐷∗(𝜆, 𝑓) depends strongly on the dark current density with 𝐽𝑑𝑎𝑟𝑘
−1/2159 

𝐷∗(𝜆, 𝑓) =
ℛ(𝜆)√𝐴𝑎𝑐𝑡𝑖𝑣𝑒 

𝑆𝑛𝑜𝑖𝑠𝑒(𝑓)
≈⏞

𝑂𝑃𝐷 ℛ(𝜆)

√2𝑒𝐽𝑑𝑎𝑟𝑘

. (40) 

𝐷∗ is given in Jones (cm Hz1/2W-1) and yields the signal to noise ratio for a 1 W signal of 1 cm² 

active area measured at 1 Hz electrical bandwidth. Reduction of the dark current is therefore of 

special importance for OPDs. 

State-of-the-art OPDs exhibit EQEs about 20-50 % and specific detectivities up to 1013 Jones in 

the visible spectral range158, however, the EQE drops dramatical beyond 800 nm163. As the NIR 

spectral range is relevant for applications in optical communication, environmental monitoring, 

biomedical imaging and sensing158, improving the NIR performance of OPDs is of special 

interest.158, 159 One approach is to employ hybrid OPDs containing nanomaterials such as colloidal 

quantum dots (50 % EQE with up to 109 Jones)158, 165 or SWCNTs (2 % EQE with up to 1010 

Jones)166, 167. Another approach is to convert the photodiode device structure into a microcavity, 

by increasing the reflectivity of semi-transparent electrode.168 The resulting cavity enhanced 

absorption increases the EQE in spectral areas, where the active medium has only low 

absorption.169, 170 By this approach EQEs of about 25 % and specific detectivities up to 1013 Jones 

could be achieved for polymer-fullerene OPDs in the spectral range below 1000 nm. The same 

approach can be used to strongly-couple the active medium of a photodiode.25, 26 For a strongly 

coupled phthalocyanine-fullerene OPD, an EQE of 0.5 % above 1000 nm could be 

demonstrated.25 Hence, employing strongly coupled SWCNT-OPDs is a promising approach to 

create NIR photodetectors. This concept is demonstrated in Chapter 6. 

The next chapter proceeds with describing the experimental methods used to prepare the samples 

and devices introduced in this chapter and to address the open questions on SWCNT exciton-

polaritons. 
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3 Experimental methods 

This chapter describes the experimental techniques used in this thesis and explains the data 

analysis and simulation software. 

3.1 Sample preparation 

3.1.1 SWNT dispersions 

Selective Dispersion of (6,5) SWCNTs 

Monochiral (6,5) SWCNTs were selectively extracted from CoMoCAT raw material (Chasm 

Advanced Materials, SG65i, 0.38 g/L) by shear force mixing (Silverson L2/Air, 10 230 rpm, 72 

h) and polymer-wrapping with PFO-BPy (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-(2,2’-

bipyridine))], American Dye Source, Mw = 40 kg/mol, 0.5 g/L) in toluene.105 Aggregates were 

removed by centrifugation at 60,000g (Beckman Coulter Avanti J26XP centrifuge) for 2 × 45 min 

with intermediate supernatant extraction. For the experiments described in Chapter 4, the resulting 

dispersion was split into two parts, one for the pristine SWCNT samples and one for sp3 

functionalization. The employed lots of SG65i were L58 (distributed by Chasm Advanced 

Materials) and MKCJ7287 (distributed by Sigma Aldrich). The employed lots of PFO-BPy for 

polymer-wrapping were #15L007A1, #16D008A1, #18H004A1 and #21AO11A1. 

Functionalization of (6,5) SWCNT 

The functionalization of polymer-wrapped (6,5) SWCNT was performed after Berger et al..50 For 

functionalization, a toluene solution of 18-crown-6 (99%, Sigma-Aldrich) was added to the as-

prepared polymer-sorted (6,5) SWCNT dispersion. Subsequently, a solution of 4-

bromobenzenediazonium tetrafluoroborate (96 %, Sigma-Aldrich) in acetonitrile was added. The 

amounts were chosen such that the mixture contained 0.36 mg/L of (6,5) SWCNT (corresponding 
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to an E11 absorbance of 0.2 for 1 cm path length), 7.6 mmol/L of 18-crown-6 and 0.369 mmol/L 

of the diazonium salt in an 80:20 vol-% toluene/acetonitrile solvent mixture. The reaction mixture 

was left at room temperature in the dark for 16 hours without stirring. Afterwards, the reaction 

mixture was passed through a PTFE membrane filter (Merck Millipore, JVWP, 0.1 µm pore size) 

to collect the SWCNTs. The filter cake was washed with acetonitrile and toluene to remove any 

unreacted diazonium salt and excess polymer. 

P3HT:PC70BM:(6,5) SWCNT blends 

For bulk heterojunction blends, the (6,5) SWCNT dispersion was passed through a PTFE 

membrane filter (Merck Millipore, JVWP, 0.1 µm pore size). The resulting filter cake was washed 

twice with toluene for 10 min at 80 °C to reduce the PFO-BPy content. The SWCNTs were re-

dispersed to 0.5 g/L in chlorobenzene (99 %, Merck) and 100 µL were added to 450 µL of a 3.5 

g/L solution of regio-regular poly(3-hexylthiophene-2,5-diyl) (P3HT, BASF SE, Mw = 

64 kg/mol) in chlorobenzene and sonicated until homogeneous (~ 2 h) resulting in a wrapping 

polymer exchange. To this dispersion, 450 µL of a [6,6]-Phenyl-C71-butyric acid methyl ester 

(PC70BM > 99 %, Lumtec) were added with a concentration of 4.5 g/L, followed by 10 min of 

sonication. For all sonication steps, the bath (Branson 2800 MH Ultrasonic Cleaner) was actively 

cooled to remain around room temperature. The resulting blend had approximately a 3:4 

P3HT/PC70BM-ratio with 1.4 wt% SWCNT. 

3.1.2 Film preparation 

PFO-BPy matrix 

For solid PFO-BPy matrices, the polymer batch was tested for suitable film formation, as it is 

synthesized on laboratory scale. Material supplied by American Dye Source Inc. shows high 

batch-to-batch variation and was polydisperse. The batches #14B031A1 and #12JU27C1 were 

found to yield smooth films (1.3-2.8 RMS roughness) for spin-speeds below 1500 rpm at (20 

g/L). Other lots showed signatures of phase separation possibly due to two different molecular 
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weight species. Hence, the PFO-BPy for SWCNT selection had to be removed before film 

preparation and replaced with either #14B031A1 and #12JU27C1. 

Pristine and functionalized SWNT 

To deposit pristine or functionalized SWCNT in a PFO-BPy matrix, the as-prepared dispersion 

was passed through a membrane filter (Merck Millipore, JVWP, 0.1 µm pore size or VSWP, 0.1 

µm pore size) and the filter cake was washed with toluene. Afterwards, the SWCNT filter cake 

was manually peeled off the membrane. Note that for pristine or functionalized samples, the filter 

cake needs to contain at least 100 µg SWCNT (based on absorbance and filtered volume of the 

respective dispersion) to form stable films. The filter cakes were transferred into a 5 mL round 

bottom flask and washed three times with toluene at 80 °C for 15 min to ensure sufficient removal 

of free wrapping polymer. Subsequently, 0.8 mL of a 2 g/L PFO-BPy solution were added and 

the mixture was sonicated for 1 hour. Afterwards, 0.2 mL toluene was added in 50 µL steps each 

followed by 15 min of sonication until a homogeneous liquid with a honey-like viscosity was 

obtained. The number of dilution steps varied for different SWCNT batches. During sonication, 

the bath temperature was kept between 10-20 °C to avoid unwrapping of PFO-BPy. The final 

dispersions were allowed to warm up to room temperature prior to deposition by spin-coating. 

For high SWCNT concentrations (> 1 wt%), the film thickness and homogeneity was found to 

vary strongly for different SWCNT batches, hence, the film properties were always checked on a 

reference substrate by profilometry and optical microscopy, before film deposition. 

3.1.3 SWCNT microcavities 

For microcavity fabrication, all substrates were cleaned by ultrasonication in acetone and 2-

propanol for 10 min, respectively, and subsequently treated 10 min with UV ozone (Ossila E511, 

10 min). For non-transparent cavities (Chapter 4), 100 nm Au was thermally evaporated (MBraun 

G3) onto polished Si substrates with a 2 nm Cr adhesion layer. Afterwards, an AlOx spacer layer 

was deposited by atomic layer deposition (Ultratech, Savannah S100, precursor 
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trimethylaluminium, Strem Chemicals, Inc.) at a temperature of 80 °C. The respective spacer 

thicknesses can be found in Chapter 4. The SWCNT layer was spin-coated from SWCNT 

dispersion at 2000 rpm on glass substrates yielding an average film thickness of (80 ± 20) nm and 

a SWCNT concentration of 1.13 wt%. The cavity was finalized with a second AlOx spacer and 

40 nm Au as a semitransparent top mirror. For transparent cavities (Chapter 5), glass substrates 

(Schott, AF32eco, 300 μm) were used. For top and bottom mirrors 30 nm Au and symmetric AlOx 

spacers were deposited with a SWCNT layer sandwiched in between. The bottom mirrors was 

deposited on a 2 nm Cr adhesion layer. The respective spacer thicknesses can be found in Chapter 

5. The SWCNT layer was spin-coated at 800 rpm yielding an average film thickness of (30 ± 

15) nm with a 1.1 wt% SWCNT concentration in film. A schematic is given in Figure 3.1. 

 

Figure 3.1 a) Schematic of the cavity stack used in Chapter 4 and b) in Chapter 5. 

3.1.4 SWCNT Photodiodes 

For photodiode fabrication, glass substrates were cleaned by ultrasonication with acetone, 2-

propanol and de-ionized water for 10 min and treated with O2 plasma for 3 min. Metal contacts 

were structured using a shadow mask. For the bottom contacts, a 1 nm Al adhesion layer and 

25 nm Au were deposited by thermal evaporation in a vacuum chamber (Angstrom EvoVac) at a 

base pressure of 1 × 10-7 mbar. The samples were taken out of the chamber and treated again with 

O2 plasma. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, P VP AI4083, 

Clevios) was spin-coated at 3000 rpm to form a 40 nm layer, which was annealed at 150 °C for 

10 min. Afterwards, the substrates were transferred to a dry nitrogen glovebox. Bulk 
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heterojunctions were prepared by spin-coating of a P3HT:PC70BM:(6,5)SWCNT solution in 

chlorobenzene at speeds between 500 and 2000 rpm to yield thicknesses ranging from 160 to 

230 nm. Flat heterojunctions were prepared by spin-coating a 14 g/L P3HT solution in 

chlorobenzene at 2000 rpm, followed by 0.5 g/L SWCNT in toluene spin-coated at 1000 rpm and 

20 g/L PC70BM in dichloromethane:2-chlorophenol (1:1) spin-coated at 2000 rpm. The devices 

were completed with 50 nm 4,7-diphenyl-1,10-phenanthroline (BPhen) doped with Cs and 

100 nm Ag as a top electrode by thermal evaporation under vacuum. The finished devices were 

encapsulated with a glass lid and moisture getter using UV-curable epoxy (Norland NOA68). All 

photodiodes were fabricated in collaboration with Dr. Andreas Mischok. 

3.2 Optical Characterization 

3.2.1 UV-vis Transmission 

Transmission spectra of dispersions and films were recorded with a Cary 6000i UV/Vis/NIR 

absorption spectrometer (Varian). 

3.2.2 Angle-resolved optical characterization 

For angle-resolved measurements a Fourier imaging system was employed, to enable on-shot 

measurement of the cavity and polariton dispersion, respectively. Reflected or emitted light was 

collected by an infinity corrected ×100 NIR objective with 0.85 NA (Olympus, LCPLN100XIR) 

focused onto the sample. The spot diameter of ~2 µm defined the investigated area on the sample. 

The collected light was imaged from the back focal plane of the objective onto the entrance slit 

of a spectrograph (Princeton Instruments IsoPlane SCT 320) using a 4f imaging system (Figure 

3.2) comprising a Fourier lens (achromatic doublet, f1 = 200 mm) and a tube lens (achromatic 

doublet, f2 = 300 mm). The resulting angle-resolved spectra were recorded by either a 

thermoelectrically cooled 640×512 InGaAs array (Princeton Instruments, NIRvana:640ST) or a 

1340×400 Si CCD camera (Princeton Instruments, PIXIS:400) in case of high energy UP modes. 
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A linear polarizer (Thorlabs LPNIR050) was placed in front of the spectrometer to select between 

TE and TM polarization. 

 

Figure 3.2 Schematic of the employed Fourier imaging microscope setup and illustration of the 

transformation from a real-space coordinates to angular coordinates. 

For reflectivity measurements, the collimated white light source was directed into the objective 

using a non-polarizing broadband beam splitter (Thorlabs BSW29R, 50:50 split ratio,). For 

luminescence measurements, a 640 nm laser diode (Coherent OBIS, 5 mW, continuous wave) 

was directed into the objective using a dichroic mirror (Thorlabs DMLP730B, 730 nm cut-on) 

exciting the red tail of the E22 transition. Residual reflected laser light was blocked by a long-pass 

filter (LPF, 850 nm cut-off). For hyperspectral images, the Fourier lens was removed. For 

micrographs, the sample was illuminated from the top with collimated white light and the 

spectrograph grating was replaced by a mirror. 

3.2.3 Thickness determination by transfer matrix simulation 

Spin-coated films of SWCNTs exhibit inherent thickness gradients, which result in height 

differences of several tens of nanometers over large sample areas. In case of cavities, the change 

in film thickness determines the energy at zero degrees incidence of the respective cavity or LP 

mode. By monitoring the angle-resolved spectral reflectivity, sample positions of desired cavity 

thickness can be found. For this, the reflectivity spectra of the cavity samples presented in 
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Chapter 4 were simulated for an 80 nm thick SWCNT layer, as a function of oxide thickness 

(Figure 3.3a) using the transfer matrix scheme presented in the Background, section 2.1.2. Prior 

to data acquisition, the cavity samples were scanned to find sample positions that exhibited LP 

energies (Figure 3.3b), predicted for an 80 nm thick SWCNT layer at a given spacer thickness. 

 

Figure 3.3 a) Simulated cavity reflectivity of the cavity stack shown in (b) as a function of oxide 

spacer thickness with an 80 nm SWCNT film. Black circles indicate the polariton mode energy 

(UP for positive, LP for negative detunings) for the different oxide spacer thicknesses in 

Chapter 4. b) Illustration of the mode shift to lower energies with increasing SWCNT thickness 

for a constant oxide spacer thickness. 

3.2.4 Confocal optical characterization 

The confocal optical setup is depicted in Figure 3.4. If not specified otherwise, confocal 

luminescence spectra were recorded by focusing the spectrally filtered (Photonetc LLTF Contrast 

vis and short pass filter, SPF) output of a picosecond-pulsed supercontinuum laser source 

(Fianium WhiteLase SC400, ~6 ps pulse width, 20 MHz repetition rate, ~20 J/cm2 pulse energy) 

through a ×100 NIR-optimized objective (N.A. 0.85, Olympus, OBJ1) onto the sample. The 

sample could be moved by a xyz-piezo stage (Mad City Labs). The angle-integrated emission 

spectra were recorded using a spectrograph (Acton SpectraPro SP2358) connected to a liquid 

nitrogen-cooled InGaAs line camera (Princeton Instruments OMA V, LC). For this, the sample 

emission was separated from the back scattered laser light by a dichroic mirror (DM) and a long 
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pass filter (LPF), and focused with a tube lens (TL1) onto the entrance port of the spectrograph. 

The spectrograph allowed for spatial and spectral imaging of the sample emission, by changing 

between a mirror (M) and two gratings (G1, G2) mounted on a motorized turret. For spectral 

imaging the 150 grooves mm-1 grating with a 1200 nm blaze was used. The focused laser spot 

could be inspected by directing residual laser light to an alignment camera (Pixelink, Si Cam) 

using a flip-mirror (FM) and a tube lens (TL2).  

 

Figure 3.4 Schematic of the setup used for confocal optical characterization. Excitation (green) 

and emission (red) beam paths are indicated. 

The recorded data was corrected for background noise and detection efficiency (section 3.2.9). 

The described confocal setup was also used for spatial and excitation-wavelength maps of the 

sample emission (section 3.2.5) and fluorescence lifetime measurements (section 3.2.6). Due to 

the geometrical restrictions of the setup, these measurements were not performed with angular-

resolution and the consequences are discussed in section 3.2.7. 

3.2.5 Photoluminescence spatial and excitation maps 

In confocal configuration, spatial scans of the sample emission were performed using the xyz-

piezo stage (Mad City Labs, PZ, Figure 3.4). The same configuration was used to record 

photoluminescence excitation (PLE)-maps, by tuning the laser output over the spectral range of 
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interest and corrected for the LLTF’s wavelength-dependent output power. Both measurements 

were automated using a customized LabVIEW script, written by Dr. Yuriy Zakharko. 

3.2.6 Fluorescence Lifetime 

The fluorescence decay dynamics were investigated using time-correlated single photon counting 

(TCSPC). Using the side exit of the spectrograph used for confocal configuration (section 3.2.4), 

the sample fluorescence was focused onto a gated InGaAs/InP avalanche photodiode (Micro 

Photon Devices, NIR APD, Figure 3.4) through a collimating lens (CL, Figure 3.4) and a ×20 

NIR-optimized objective (Mitutoyo, OBJ2, Figure 3.4). Statistics of the arrival times of the 

photons were acquired with a TCSPC module (Picoharp 300, Picoquant GmbH). The instrument 

response function (IRF) was estimated for each sample from the fast, detector-limited PL decay 

of the (6,5) SWCNTs at the E11 transition at 1015 nm. All decay curves were fitted to a 

biexponential model in a reconvolution procedure correcting for the IRF using the 

SymphoTime64 software. The detection limit based on the IRF FWHM of ~80 ps using this 

procedure was 8 ps. To record the cavity fluorescence lifetime, an angle-integrated emission 

spectrum was recorded prior to performing TCSPC to select the cavity emission wavelength at 

k || = 0. 

3.2.7 Interpretation of angle-integrated polariton emission spectra 

In case of confocal measurements of cavity luminescence, the polariton or cavity angular 

dispersion has to be considered. The cavity luminescence recorded with the confocal setup 

approximately resembles the sum over the angle-resolved cavity luminescence from -30 to 30 

degrees (Figure 3.5a and b). This estimate will be used throughout this thesis, when interpreting 

confocally measured cavity luminescence. For the fluorescence lifetime measurements, polariton 

emission at the wavelengths corresponding to k|| = 0 was collected. The maximum range of angles 

that contribute to this emission is ±20 degrees for cavity detunings up to -33 meV based on the 

FWHM (Figure 3.5c). Note that for detunings closer to resonance, the curvature around k|| = 0 
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decreases, leading to an increased contribution from larger angles. However, in case of TCSPC 

experiments, the angular-dependence of the polariton intrinsic lifetime of the cavity samples 

presented here cannot be resolved and the contribution can be neglected. 

 

Figure 3.5 a) Angle-resolved PL of a SWCNT microcavity in the strong coupling regime. b) 

Normalized PL of the same sample measured confocally at a position with similar detuning (red 

line) and the sum of the data in (b) from −30 to 30 degree for comparison (black line). c) Intensity 

profile of data in (a) at 1.168 eV. 

3.2.8 Photoluminescence Quantum Yield 

The PL quantum yield (PLQY) of pristine and functionalized SWCNT films in PFO-BPy was 

determined by an absolute approach171 directly measuring the ratio of emitted and absorbed 

photons. For this, the spectrally-filtered output of a supercontinuum laser (10 ps pulse width, 

20 MHz repetition rate, WhiteLase SC400, Fianium) was tuned to the (6,5) SWCNT E22 transition 

at 576 nm, collimated, and directed into an integrating sphere (LabSphere, Spectralon Coating). 

Using an optical fiber, the signal from the sphere was coupled into an Acton SpectraPro SP2358 

spectrograph (grating 150 lines/mm) and imaged onto an OMA-V InGaAs line camera (Princeton 

Instruments) for spectra acquisition. The SWCNT emission was measured by collecting the signal 

in the NIR range (900-1600 nm) with an SWCNT sample mounted inside and the laser beam 

being directed onto the sample. The SWCNT absorption was measured by determining the laser 

attenuation by the sample around 576 nm. To only account for direct emission and absorption, 
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the laser was directed onto the integrating sphere wall and the corresponding emission and 

absorption spectra were subtracted from the spectra recorded under direct illumination. The 

collected spectral intensities were corrected as described in section 3.2.9, transformed by 𝐼(𝜆) ∙ 𝜆 

and integrated to yield the number of absorbed and emitted photons. 

Due to the small stokes shift of SWCNT, it is necessary to account for reabsorption in highly 

concentrated samples such as films.172 For this, the SWCNT film emission spectrum was collected 

as described in section 3.2.4 and scaled to the red tail of the emission spectrum collected from the 

integrating sphere. The resulting spectrum was used to calculate the number of emitted photons, 

as described above. Note that this approach still contains reabsorption for a single pass of photons 

emitted in the volume of the film. However, the chosen approach still contains the effects of 

interactions in solid film on the SWCNT emission, in contrast to approaches employing the 

emission spectrum of dilute liquid samples to account for reabsorption. Determining the PLQY 

as described above, ensures conservative estimation of the non-radiative decay rate (see 

Chapter 4). 

3.2.9 Spectral corrections 

In transmission and reflectivity experiments, spectral corrections were performed by recording 

the substrate transmission and reflectivity, respectively, and dividing the sample spectrum by its 

corresponding reference. For luminescence experiments, the detection efficiency was determined 

by measuring the transmission of a calibrated white light source (Thorlabs SLS201/M, 300-

2600 nm) of known spectral power distribution (𝐼𝑡ℎ𝑒𝑜,𝑙𝑎𝑚𝑝(𝜆)) through the detection path. Using 

the experimental transmission spectrum (𝐼𝑒𝑥𝑝,𝑙𝑎𝑚𝑝(𝜆)), a correction function 𝑓𝑐𝑜𝑟𝑟(𝜆) was 

determined by 

𝑓𝑐𝑜𝑟𝑟(𝜆) =
𝐼𝑒𝑥𝑝,𝑙𝑎𝑚𝑝(𝜆)

𝐼𝑡ℎ𝑒𝑜,𝑙𝑎𝑚𝑝(𝜆)
. (41) 
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All experimental luminescence spectra were divided by a corresponding correction function. 

Additionally, all luminescence spectra given in energy where transformed by (Jacobian 

correction): 

𝐼(𝐸) =   𝐼(𝜆) ∙ 𝜆2/ℎ𝑐. (42) 

3.2.10 Transient transmission and absorption 

All femtosecond transient transmission (TT) and absorption (TA) measurements were conducted 

on a commercial TA spectrograph (Helios Fire, Ultrafast Systems). The pump-pulses were 

generated by a commercial optical parametric amplifier (TOPAS-Prime, Light Conversion) 

pumped by a regeneratively amplified femtosecond Ti:sapphire laser (Astrella, Coherent) 

centered at 800 nm (4 kHz repetition rate, 78 fs pulse durations,  1.6 mJ pulse energy). The 

investigated area on the sample was defined by the spot size of the focused pump beam with a 

FWHM ~ 250 µm. For a 100 nJ pulse, the pump fluence was typically 200 µJ/cm2. The 

supercontinuum probe beam was linearly polarized at the magic angle (54.7°) relative to the pump 

beam. Prior to analysis, spectra were corrected for the group velocity dispersion of the broad-

band probe beam. All TT and TA measurements were performed by Dr. Zhouran Kuang. 

3.3 Miscellaneous characterization techniques 

3.3.1 Profilometry 

Profilometry of photodiode active layers was carried out using a Bruker Dektak XT profilometer. 

For all other samples, film thickness and RMS roughness were extracted from micrographs 

recorded by atomic force microscopy (AFM) with a Bruker Dimension Icon in tapping mode. The 

employed tips (Scanasyst-Air, Bruker) had a nominal tip radius of 2 nm and a nominal spring 

constant of 0.4 N/m. The image quality was controlled automatically by the Bruker Scanasyst 

algorithm. 
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For soft films (polymers and SWCNT-polymer composites) the layer thickness was determined 

from the step heights of manually created scratches. For oxide films, steps were created on a 

photolithographically structured height reference substrates by a lift-off technique. The height 

reference substrates were prepared by spin-coating of LOR5B (MicroChem, 4000 rpm, 30 s, 185 

°C baked for 4 min) and S1813 (MicroPosit, 4000 rpm, 30 s, 115 °C baked for 1 min) and 

subsequent illumination under a dark-field photo mask with an 80 mJ/cm² dose. The exposed 

samples were developed in MF-319 (MicroPosit) for 22 s.  After oxide deposition, the photoresist 

was removed overnight in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich), creating evenly 

spaced, parallel lines of oxide for step height measurements. 

3.3.2 EQE and Current density  

All EQE and current density measurements were conducted at the Gather Lab at the University 

of St. Andrews. For photodiode characterization, density-voltage characteristics were recorded 

with a source measuring unit (SMU, Keithley 2450). The external quantum efficiency was 

determined by measuring the photocurrent without external voltage (short-circuit current) under 

illumination. The light-source, an optical parametric amplifier (Ekspla PG403) pumped by a 

solid-state regenerative amplifier laser (Ekspla PL2210), was tuned over visible and NIR spectral 

window (~1 nm linewidth). The excitation power was calibrated to 0.1 mW using amplified Si 

(Thorlabs PDA100A) and Ge (Thorlabs PDA50B2) photodiodes. The calculated EQE spectra 

were smoothed over 5 nm using a Savitzky-Golay algorithm.  

3.4 Data analysis and simulation 

Data analysis was conducted either with OriginPro173 2020 (OriginLab) or MATLAB174 2021 

(MathWorks). All simulations were implemented in MATLAB. 

3.4.1 Angle-resolved data and coupled oscillator fit 

Data analysis of the angle-resolved spectra was automated using a MATLAB code adapted from 

an earlier version written by Dr. Arko Graf. The script performed the corrections discussed in 
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section 3.2.9 for reflectivity and luminescence measurements, respectively, apart from the 

background correction, which was executed by the spectrometer control software (LightField 4.5, 

Teledyne Technologies). The angle was assigned to the data using the nominal objective NA. 5 % 

of the high angle signal was removed due to diffraction artifacts stemming from the objective 

aperture. The mode position was extracted from the peak position of a Lorentzian fitted to each 

data line. The resulting modes were analyzed by fitting the analytical expressions of the coupled 

oscillator model presented (Background, section 2.1.6). 

3.4.2 Transfer matrix simulation 

The transfer-matrix (TM) scheme was adapted from a MATLAB code written by Dr. Laura Tropf 

based on Pettersson et al.61 The core function calculating the transfer matrix (Background, 

section 2.1.2) was adapted to include scalar scattering after Yin et al.62 For TM simulation of 

transient transmission spectra, the code was rearranged to accommodate a commercial genetic 

algorithm175 to fit the input parameters of a simulated cavity stack to experimental transient 

transmission spectra, which is described in Chapter 5. 

3.4.3 Complex refractive index data 

Complex refractive index data for SWCNTs and PFO-BPy was experimentally determined by 

Laura Tropf and Dr. Andreas Mischock at the University of St Andrews using an ellipsometer 

from J.A. Woollam Co. (model M-2000DI). For SWCNT layers with concentrations different 

from the reference data, the SWCNT E11 absorption was approximated with a Lorentzian peak 

and the complex refractive index of the SWCNT-PFO-BPy composite was calculated using the 

Kramers-Kronig relation (Background, section 2.1.1). The experimentally obtained refractive 

index of PFO-BPy was used as the background refractive index. For time-dependent simulations, 

the transient complex refractive index was calculated from SWCNT transient absorption data 

using the Kramers-Kronig relation (Background, section 2.1.1) in combination with a genetic 

algorithm175 to fit the SWCNT film thickness. 
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The temperature-dependent and time-dependent refractive index for gold thin films was 

calculated using a MATLAB code implementing the method of Liu et al.176 and Rakic et al.177. 

Refractive index data for other materials were downloaded from refractiveindex.info and the 

corresponding references are listed in Table 3.1. 

Table 3.1 Complex refractive index data. 

Material Reference 

Au K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, A. Rossinelli, 

and D. J. Norris. Plasmonic films can easily be better: Rules and recipes, ACS 

Photonics 2, 326-333 (2015) 

Ag W. S. M. Werner, K. Glantschnig, C. Ambrosch-Draxl. Optical constants and 

inelastic electron-scattering data for 17 elemental metals, J. Phys. Chem. Ref. 

Data 38, 1013-1092 (2009) 

AlOx R. Boidin, T. Halenkovič, V. Nazabal, L. Beneš, P. Němec. Pulsed laser 

deposited alumina thin films, Ceram. 42, 1177-1182 (2016)  

3.4.4 Global analysis 

Time-resolved transient transmission and absorption datasets were analyzed according to Alagna 

et al. via standard global analysis.178 The spectra were fitted globally by a sum of exponentials 

with wavelength dependent amplitudes. As SWCNT exhibit slightly non-exponential decays 

owing to diffusive contributions to their decay,110 the number of exponentials was chosen to yield 

minimum fitting error and residual structure. For SWCNT and cavity data five exponentials and 

one offset gave the best results. 
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4 Fluorescence dynamics of SWCNT exciton-polaritons 

The complex photophysics of SWCNTs and overall goal of polariton condensation pose the 

question of how exciton-polaritons are populated and how they relax to radiative states. In this 

chapter, the contributions of possible relaxation processes, i.e., scattering with acoustic phonons, 

vibrationally assisted scattering and radiative pumping, are investigated using angle-resolved 

steady-state and time-resolved PL measurements on planar microcavities with a wide range of 

detunings. The chapter is concluded by demonstrating how luminescent sp3 defects can be used 

to increase and tailor the SWCNT exciton-polariton population. 

Part of this chapter was published in Lüttgens et al., ACS Photonics 2020, 8 (1), 182-193.109 

Modified reprints are presented with permission of the American Chemical Society. 

4.1 Introduction 

A striking characteristic of SWCNT exciton-polaritons in planar microcavities is a distinct change 

of emission intensity with detuning,40, 41 which already suggests that the polariton population may 

be a func-tion of detuning. This feature was first described in the seminal study on SWCNT 

polaritons by Graf et al.40 and hypothesized to be a phonon-related relaxation bottleneck.  In this 

chapter, a systematic study is conducted to find definite evidence for the population mechanics, 

that produce the observed emission features. The relaxation can be investigated by injecting 

polaritons off-resonance via exciting the SWNTs at the E22 transition well above the strongly 

coupled, lowest excited state. After fast internal relaxation the exciton reservoir is populated.74 

From there, the excitations can either populate the polariton states or follow radiative and non-

radiative channels of the weakly coupled emitter. Figure 4.1 depicts the established polariton 

population mechanisms conceivable for SWCNTs, that is, scattering with acoustic phonons 

(process i), scattering with optical phonons (process ii), and radiative pumping (process iii) (see 
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Background, section 2.2.2 for details). In the organic polariton literature, process ii is also termed 

vibrationally assisted scattering (VAS) and the term shall be adopted here, for better comparison 

with references used in this chapter. Due to the short intrinsic polariton lifetime in metalclad 

cavities (15-50 fs, calculated by linewidth), polaritons decay virtually instantaneously after 

population. Therefore, the structure of the steady-state polariton PL and the long-lived polariton 

fluorescence lifetime are direct indicators of the population mechanism. In the first part of this 

chapter, the polariton steady-state PL is assessed, followed by analysing the polariton 

fluorescence decay to identify the population mechanism. In the second part of this chapter, the 

effect of SWCNT luminescent sp3 defects on the polariton dynamics and population is presented. 

 

Figure 4.1 Schematic of the polariton population in SWCNT exciton-polaritons. (Left) Weakly 

coupled transitions in (6,5) SWCNTs: The fundamental E11 transition (from the bright E11(B) 

exciton) followed by weaker and red-shifted sideband transitions (Y1, X1, G1, Ox). E11(K) denotes 

the degenerate K-momentum dark excitons. (Right) SWCNT exciton-polariton upper (UP) and 

lower (LP) polariton modes (solid lines) with cavity mode and exciton absorption (dashed lines). 

The conceivable population mechanisms are scattering of reservoir excitons with acoustic 

phonons (i), with optical phonons (ii) or radiative pumping (iii).   
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4.2 SWNT exciton-polariton emission as a function of 
detuning 

The characteristic change of emission intensity as a function of detuning observed for SWNT 

exciton-polaritons is presented in Figure 4.2b. The data was recorded from a metal-clad 

microcavity with strongly coupled (6,5) SWCNTs embedded in a polymer matrix, as employed 

in the original study by Graf et al.40 Using the inherent thickness gradient of the spin-coated 

SWCNT/polymer film from 240 nm to 330 nm, different cavity detunings can be observed and 

characterized by moving to different positions on the sample. 

 

Figure 4.2 Metalclad cavity filled with (6,5) SWCNT in a PFO-BPy matrix. a) Angle-resolved 

reflectivity (R) and emission (PL) spectra with E11 energy (grey dashed line), UP (dashed yellow 

line), cavity mode (dashed black line), LP (dashed white line) and detuning ∆. b) Angle-integrated 

PL spectra as function of sample position (i.e., film thickness). The PL scan of a (6,5) SWCNT 

reference film is given as reference. c) Data in (b) color-coded for the overlap with SWCNT 

sideband transitions (Y1 - blue, X1 - green, G1 – orange and Ox - purple). The PL spectrum of the 

reference is given for comparison (black dashed line). 

Figure 4.2a shows angle-dependent reflectivity and emission spectra in TM polarization for one 

specific detuning recorded using Fourier imaging (see Experimental, section 3.2.2). The data 

exhibits upper and lower polariton modes with a clear anti-crossing at exciton absorption, 
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confirming that the sample is in the strong coupling regime. A coupled oscillator fit to the 

polariton modes, as described in the Experimental, section 3.4.1, yields a Rabi splitting of 

100 meV and a detuning of - 68 meV. 

Figure 4.2b presents confocally collected PL from cavity shown in Figure 4.2a for a scan along 

the sample. In this confocal configuration, the polariton emission is integrated over all angles up 

to 30° (Experimental, section 3.2.7). The emission below the E11 exciton absorption can be 

attributed to the lower polariton branch. The PL from a scan along a (6,5) SWCNT reference film 

is given for comparison (Figure 4.2, left). While the polariton emission exhibits several maxima 

over the whole detection range with intensity changes of up to 90 %, the exciton emission (E11, 

1.227 eV) of the reference film remains essentially constant with fluctuations of about 35 %. By 

scanning along the sample, the film thickness and thus the detuning of the microcavity is changed. 

Increasing the film thickness or cavity length, respectively, shifts the LP to lower energies and 

results in a red shift of the polariton emission with distinct emission maxima, that cannot be 

explained by inhomogeneities of the SWCNT layer.  

Figure 4.2c reveals that the spectral positions of the observed emission maxima coincide 

strikingly well with the SWCNT photoluminescence sideband (PSBs) emission energies of the 

(6,5) SWCNT PL spectrum, that is, the Y1 (1.205 eV), X1 (1.097 eV), G1 (1.050 eV) and Ox 

(0.970 eV) sidebands (see Background, section 2.3.1 for more details on SWCNT PSBs). 

Therefore, the SWCNT PSBs must play a prominent role in the polariton population of the system.  

However, the relative intensities of the LP emission maxima are more difficult to interpret, as 

they are not only influenced by the efficiency of the polariton population but also by the E22 

excitation efficiency at a given detuning. Owing to the large stopband of metalclad cavities, there 

usually exist higher-order cavity modes (Background, section 2.1.3). Here, the E22 absorption can 

be increased by the cavity λ-mode (~ 2 eV) resulting in a detuning dependence of the excitation 

efficiency. In Figure 4.2c, this may be the case at the detuning for which the LP emission 

maximum correlates with the X1 transition. In the following section, a more controlled sample 
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design is presented, in which the detuning is independent of the SWCNT layer thickness. Apart 

from other advantages explained in the following sections, this sample design also allows to 

correct the LP emission intensity for cavity enhanced absorption at the E22 transition, which is 

done in the last section 4.10. 

4.3 Oxide spacers for improved control over cavity tuning 

In order to quantitatively assess the impact of detuning on the polariton population, the cavity 

detuning has to be decoupled from the SWCNT film thickness, that is, the number of strongly 

coupled SWCNT excitons. For this, cavities with uniform dense (6,5) SWCNT films and metal 

oxide (AlOx) spacer layers were prepared (Experimental, section 3.1.3). Employing atomic layer 

deposition (ALD) for the spacer layer, the cavity tuning can be precisely controlled without 

changing the SWCNT layer thickness or number of emitters, respectively. Furthermore, this 

approach ensures that the SWCNT layer is always at the electric field maximum of the cavity’s 

fundamental mode and the number of weakly coupled SWCNTs is reduced. To compensate for 

remaining thickness variations of the SWCNT layer, the LP position was predicted by transfer 

matrix simulations for a SWCNT thickness of choice, here 80 nm, and for each oxide thickness. 

By locating sample positions with the corresponding LP energy, the emitter layer thickness can 

be controlled beyond the intrinsic accuracy of the employed spin-coating process down to ±1.8 

nm (Experimental, section 3.2.3). Lastly, controlling the sample layer thicknesses to high 

accuracy allows for precise determination of the λ-mode position of each sample, which governs 

the excitation efficiency, as it could be resonant with the excitation laser and is therefore of 

relevance in the last section, where the polariton populations of different samples are compared 

to each other. 
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Figure 4.3 Angle-resolved reflectivity (R) and photoluminescence (PL) spectra of ten strongly 

coupled oxide spacer cavities. Spacer thickness d and detuning Δ are given for each data set. The 

data was fitted to the CO-model (dashed lines) and the results are shown in Figure 4.4. 

In the following, the basic properties of the strongly coupled oxide spacer cavities are presented. 

Figure 4.3 depicts the angle-resolved reflectivity (R) and photoluminescence (PL) spectra of ten 

SWCNT filled oxide spacer cavities tuned over the whole SWCNT emission spectrum. For 
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smaller oxide spacers (80-111 nm) an anti-crossing at the energy of the SWCNT exciton is clearly 

visible, indicating strong coupling. For the 80 nm oxide spacer, the UP mode lay outside the 

InGaAs detection range and was recorded using a Si-CCD. Note that the Si-CCD-data shows a 

distortion of the UP mode at the SWCNT phonon-sideband in absorption (1.44 eV). At higher 

SWCNT concentrations, a full splitting is observed at this energy due to strong coupling of the 

phonon-sideband in absorption.42, 56  For larger oxide spacers (116-144 nm), the anti-crossing 

shifts outside the NA of the objective and the UP becomes fainter, however, the Rabi-splitting 

can still be extracted from the dispersion of the visible part of the UP mode using the CO-model 

(see Experimental, section 3.4.1 for details). Emission is only observed from the LP mode, with 

the PL intensity showing a strong modulation depending on detuning and angle, similar to the 

observations made in section 4.2. 

 

Figure 4.4 CO-fit results of the angle-resolved reflectivity of the oxide spacer cavities shown in 

Figure 4.3. The calculated cavity position is given as black dashed line. The average values of the 

Rabi splitting and the effective refractive index are given as red and grey dashed lines, 

respectively. 
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Figure 4.4 depicts the CO-model parameters obtained from a fit to the angle-resolved reflectivity 

data shown in Figure 4.3. The fitted cavity positions (𝐶0) agree well with the calculated cavity 

position (𝐶0,calc), given by 

𝐶0,calc =
ℎ𝑐

2𝑛eff ∙ (2𝐿ox + 𝐿SWCNT)
, (43) 

where 𝑛eff is the effective refractive index, averaged over the fitted values for  𝑛eff  (2.07). 𝐿ox is 

the thickness of the oxide spacer and  𝐿SWCNT is the thickness of SWCNT film (80 nm). As 

uncertainty of the cavity position, the error estimated for the SWCNT film thickness was used 

(2 nm). Theoretically, the Rabi splitting and effective refractive index do not depend on detuning 

or cavity length, respectively. However, the fitted Rabi splitting and effective refractive index 

values (Figure 4.3) scatter considerably and decrease with increasing cavity length. Therefore, 

the respective error bars in Figure 4.4 were estimated by the error of the ordinate intercept of a 

linear regression to the fitted Rabi splitting and effective refractive index. Even with this higher 

uncertainty, the obtained Rabi splitting decreases with increasing cavity length (Figure 4.4). This 

may be due to decreasing light-matter coupling for an increasing number of scattering sites with 

increasing oxide spacer length. The effective refractive index depends less on the cavity length 

and the average of all fitted values describes the fitted cavity positions using equation (43) (Figure 

4.4, black dashed line), in agreement with the CO-model. 

The following sections elaborate, how the possible polariton population mechanisms can be 

distinguished experimentally exploiting the more controlled sample design. 

4.4 Polariton population by scattering with acoustic 
phonons 

The first conceivable polariton population mechanism based on SWCNTs is scattering with 

acoustic phonons, that is, a reservoir exciton loses momentum and energy equivalent to an 

acoustic phonon, to occupy a corresponding state in the LP branch (Figure 4.1, process i). In case 

of organic polaritons, the intrinsic polariton lifetime is too short to allow for further scattering of 
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bright polaritons with acoustic phonons. Accordingly, the respective LP population can only arise 

from single scattering events.102 In (6,5) SWCNTs, LP states down to about - 37 meV below the 

exciton energy could be populated by this mechanism, which is the energy of the SWCNT radial 

breathing mode (RBM)179. As there is no experimental data on the acoustic phonon modes and 

density of states (DOS) in SWCNT-polymer composites, two possible scenarios are considered 

in the following.  

In the first scenario, the acoustic phonons are assumed to possess a one-dimensional DOS, 

exhibiting characteristic van Hove singularities, as was derived from the unperturbed SWCNT 

crystal structure.179, 180 Since the scattering rate depends on the phonon density of states (DOS)96, 

distinct peaks should be visible in the polariton PL down to - 37 meV detuning, indicating 

efficient population at the van Hove singularities. This is not observed, as can be seen in Figure 

4.2b. In the second scenario, the acoustic phonon DOS is assumed to be significantly broadened 

by local disorder present in the polymer-embedded random SWCNT network and essentially 

becomes a continuum. For this scenario, the LP population and emission, respectively, can be 

calculated following a model developed for J-aggregates by Litinskaya et al..98 As the model does 

not treat the J-aggregates explicitly on the molecular level, the approach can be readily adapted 

to networks of SWCNTs, effectively treating them as semiconducting polymers104. Following 

Litinskaya et al.98, the change of the LP emission intensity with detuning is proportional to the 

scattering of reservoir excitons with a continuum of acoustic phonons and can be written as 

𝐼LP(∆) ∝
|𝛽LP|2

𝛾𝐶
𝑂(𝑒𝑥−𝑝𝑜𝑙), (44) 

where 𝐼LP(∆) is the emission intensity of the lower polariton, 𝛽LP is its exciton fraction, 𝛾𝐶 is the 

cavity lifetime and 𝑂(𝑒𝑥−𝑝𝑜𝑙) is the overlap between the reservoir exciton population and the LP 

DOS (a derivation can be found in Appendix, section 8.1.1). Using equation (44) and the data 

obtained from the microcavities with oxide spacers, the LP emission as a function of detuning for 

population by scattering with acoustic phonons was calculated. For this, the overlap between the 
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reservoir exciton population and the LP branch was approximated by calculating the overlap 

between the experimental spectra of the SWCNT E11 absorption and the LP mode in reflectivity, 

both for 80 nm SWCNT film thickness. The exciton fraction was taken from a CO-fit to the 

microcavity reflectivity data (Figure 4.3) and the cavity lifetime was calculated from the LP 

linewidth at the detuning with the highest photon fraction (98 %). The results are shown in Figure 

4.5. 

For the purpose of this section, the following discussion is limited to general trends of LP emission 

with detuning. The more intricate correlation with sidebands after full correction of the data is 

presented in section 4.10. Figure 4.5a depicts the normalized LP emission at k|| = 0 as a function 

of detuning for oxide spacer microcavities filled with SWCNT. The experimental LP emission 

increases with increasing photon fraction of the LP from positive to negative detuning, whereas 

the calculated LP emission decreases with increasing photon fraction (Figure 4.5b). Only for small 

detunings with sufficient overlap between reservoir exciton and polariton states as well as 

sufficiently high exciton fraction, scattering with acoustic phonons would contribute significantly 

to the LP emission (compare equation (44)). The observation, that experimental LP emission 

monotonically decreases for detunings from – 188 to 85 meV detuning, suggests that the 

contribution of acoustic phonons to the polariton population is very small. 

Since the experimental data does not support either of the two conceivable scenarios for acoustic 

phonon involvement in the polariton population, this process can be ruled out. The following 

focusses on the remaining two population mechanisms, that is, scattering with optical phonons 

and radiative pumping. 



61 
 

 

Figure 4.5 Normalized LP emission intensity at k|| = 0 as a function of detuning for a) 

experimental and b) calculated data. The corresponding Hopfield coefficients for excitons (red 

dots) and photons (black dots) are given for comparison. 

4.5 Vibrationally assisted scattering vs. radiative pumping 

In section 4.2 it was found, that all SWCNT photoluminescence sidebands (PSBs) seem to 

contribute to the LP population. This already suggests, that the responsible mechanism might be 

radiative pumping (Figure 4.1, process iii), since all PSB can radiatively populated the LP 

(compare Background, section 2.2.2), regardless of their photophysical origin. However, the X1 

and G1 sidebands originate from optically active D and G phonons, which may scatter reservoir 

excitons into the LP (Figure 4.1, process ii). The latter process is predicted to be very fast for 

disordered organic semiconductors,98 whereas the former process occurs with the emission 

efficiency of the weakly coupled emitter.80 In the following, the polariton fluorescence decay is 

investigated and compared to a weakly coupled reference to distinguish between the two 

processes. 

The time-dependent fluorescence data was obtained using time-correlated single-photon counting 

(TCSPC). The cavity fluorescence was averaged over ±20° around k|| = 0, due to restrictions of 
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the measurement setup (for details see Experimental, section 3.2.6 and 3.2.7). Note that for 

organic polaritons, the reservoir related fluorescence lifetime component was found to be angle-

independent87 and angle-dependent lifetime changes only appear on the timescale of the intrinsic 

polariton decay.86 

Figure 4.6 presents the time-dependent fluorescence data. For the fluorescence decay of the oxide 

spacer microcavities introduced in section 4.3, all transients were well-described by a 

biexponential decay convoluted with the instrument response function (IRF). Figure 4.6a shows 

a representative histogram. The extracted lifetimes ranged from 20 to 200 ps for the short lifetime 

component and from 170 to 650 ps for the long lifetime component (Figure 4.6c). The same 

biexponential behaviour was found for the PSBs of the weakly coupled reference film 

(representative histogram in Figure 4.6b). The transients of the E11 exciton and Y1 PSB were 

detection limited. The biexponential decay of the weakly coupled reference is in accordance with 

the corresponding SWCNT literature. For individual SWCNTs, the short lifetime component has 

been attributed to the decay of the E11 population through radiative and non-radiative channels 

followed by a slower decay attributed to the redistribution of the exciton population between 

bright and dark states.125, 144 The shorter lifetime of the E11 decay compared to the PSBs agrees 

with the underlying SWCNT relaxation processes (see Background, section 2.3.2 for details). The 

temporally resolved PSBs exhibited lifetimes between 8 and 80 ps for the short lifetime 

component and 100 to 300 ps for the longer lifetime component (Figure 4.6d).  
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Figure 4.6 TCSPC timetraces (red lines) for a cavity tuned to the G1 sideband (a) and the 

respective reference (b). Indicated are the IRF (black line) and the biexponential deconvolution 

with residual (blue lines). c) depicts the long and short fluorescence lifetime components obtained 

for the oxide spacer microcavities with detunings from –55 to –355 meV. d) depicts the PSB 

fluorescence lifetimes measured for the reference. Error bars represent the uncertainty of the 

biexponential deconvolution.  

To interpret the obtained lifetime data, the following kinetic considerations are made: In the 

presented microcavities, the polariton radiative decay of the microcavities is on the order of a few 

tens of femtoseconds (≈30 fs, calculated by linewidth). Therefore, the significantly longer 

lifetimes observed in the TCSPC experiments can be assigned to the underlying rate limiting step 
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of the polariton population.57 Since population of the exciton reservoir should occur very rapidly 

after excitation of the E22 transition (575 nm) due to ultrafast conversion from the E22 to E11 

manifold (< 1 ps)110, the rate limiting step is assumed to be transfer from the exciton reservoir 

into polariton states. In case of radiative pumping (Figure 4.1, process iii), the observed 

fluorescence lifetimes should be approximately equal the lifetimes observed for the underlying 

emitter (see Background, section 2.2.2 for details). For this it is assumed, that the rate of radiative 

decay from the reservoir states is not affected by the polaritons or the cavity. Depicting radiative 

pumping as non-adiabatic coupling between the fluorescing state and the polariton makes this 

assumption plausible66, as in this description, no true emission event is involved. Experimental 

evidence for is given later in section 4.9. In case of vibrationally assisted scattering (VAS) (Figure 

4.1, process ii), a significant reduction of the observed polariton fluorescence lifetime compared 

to the decay of the weakly coupled reference should be observed98 considering an estimated 

scattering rate of (90 – 500 fs)–1 for this process (see Appendix, section 8.1.2 and 8.1.3 for detailed 

calculation). In the latter scenario, the VAS mechanism constitutes an additional non-radiative 

decay channel for reservoir excitons into the polariton modes and the overall measured cavity 

fluorescence decay would be shortened substantially. The data relevant for this comparison is 

summarized in Figure 4.7. 

Figure 4.7a relates the LP fluorescence decay at k|| = 0 for the different oxide spacer cavities to 

the fluorescence decays obtained for the reference film. In the top panel, the reference spectrum 

of a weakly coupled SWCNT film is shown. The different PSBs are highlighted as components 

of a multi-Lorentzian fit to show their contributions to the SWCNT emission spectrum. The PSB 

timetraces were recorded at by selecting the respective emission maximum. The centre panel 

depicts the LP emission spectrum, that was temporally resolved by the TCSPC experiment. The 

corresponding transients are given in the lower panel. The LP energy was again adjusted to be 

equivalent to 80 nm SWCNT film thickness. 
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Figure 4.7b shows the experimentally obtained short lifetime components for the strongly coupled 

SWCNT microcavities (blue diamonds) and the weakly coupled reference film (coloured 

squares). The lifetimes obtained for cavity different cavity detunings are equal or even slightly 

longer compared to the corresponding weakly coupled sidebands (Figure 4.7b, diamonds vs. 

squares). Similar trends were found previously57, 92 for the fluorescence lifetimes of strongly 

coupled cavities compared to their weakly coupled references and were interpreted as evidence 

for radiative pumping by Grant et al..80 The calculated fluorescence lifetimes expected in the VAS 

limit (black circles), that is in absence of radiative pumping, is by orders of magnitude faster. 

Based on this, also a competition between VAS and radiative pumping in case of the X1 and G1 

sidebands can be excluded. Furthermore, the biexponential decay for both, microcavity and 

reference, excludes a scenario in which the LP decays on the same timescale as the fluorescence 

from the sub-bandgap states, as it would lead to a triexponential decay. This is in accordance 

which the ultrashort LP lifetime calculated by linewidth (grey triangles). Together with the 

aforementioned arguments, this leads to the conclusion that radiative pumping is the most suitable 

model for the observed SWCNT exciton-polariton fluorescence dynamics. 
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Figure 4.7 a) Correlation between reference and cavity fluorescence decay Top panel: Multi-

Lorentzian fit to the PL of a pristine SWCNT film. Centre panel: k|| = 0 emission of the oxide 

spacer cavities (solid lines). The emission is normalized to the detuning with maximum intensity. 

Lower panel: fluorescence transients of the cavity emission shown in the centre panel. The 

instrument response function (IRF) is given for comparison. b) Comparison between 

experimental and calculated fluorescence lifetimes as a function of LP position. The blue shaded 

area error indicates the measurement accuracy based on IRF. 

4.6 Strong coupling of SWCNTs with luminescent 
sp3 defects 

In the previous sections, radiative pumping was found to be the dominating population 

mechanism in SWCNT exciton-polaritons, governing the polariton fluorescence decay and 

explaining the observed LP emission maxima. Since radiative pumping is the rate-limiting step 

of the polariton population, the polariton population is also limited by the SWCNT PLQY. 

However, the SWCNT PLQY can be increased by synthetically introducing luminescent 

sp3 defects into the SWCNT lattice.49, 50 These artificial defects trap mobile excitons, protecting 

them against diffusive quenching,154 and exhibit bright, red-shifted (> 150 meV) emission peaks 
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(for a detailed information see Background, section 2.3.3). As only low sp3 defect densities are 

required to increase the SWCNT PLQY, functionalized SWCNTs still exhibit strong absorption 

at the E11 resonance, which should allow to strongly couple the E11 exciton to a cavity. In the 

following, cavities containing 4-bromophenyl-functionalized SWCNTs are presented. These 

sp3 defects possess two luminescent configurations termed E11* and E11*-. Upon strong coupling 

of the functionalized SWCNTs, the resulting LP branch could be radiatively pumped by the 

luminescent sp3 defects at negative detunings (< –150 meV, Figure 4.8) and increase the polariton 

population compared to pristine SWCNTs. Furthermore, demonstrating polariton population by 

sp3 defects serves as a control experiment for radiative pumping, as the defects can only contribute 

radiatively to the polariton population.  

 

Figure 4.8 Schematic of the polariton population in sp3-functionalized SWCNT exciton-

polaritons for a cavity tuned to the E11* defect emission. 

For this, a set of oxide spacer microcavities was prepared, identical to the set presented in 

section 4.3 but with 4-bromophenyl-functionalized SWCNTs50 as an active layer. The 

functionalization was performed on the same polymer-sorted (6,5) SWCNTs dispersion that used 

for the samples in section 4.3, to exclude batch to batch variations (Experimental, section 3.1.1). 

The functionalization degree was chosen to be moderate in order to maximize the total SWCNT 

PLQY, since high defect densities may reduce the PLQY again.50 The reactant concentration 
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screening is shown in Figure 4.9a, depicting emission spectra of the respective SWCNT 

dispersions functionalized using 4-bromobenzenediazonium tetrafluoroborate. Based on the 

screening, a reactant concentration of 0.369 mmol-1 was chosen to functionalize the SWCNTs. 

For the employed moderate defect density, it can be assumed, that the overall SWCNT lattice is 

only slightly disturbed.50 Upon functionalization, the contribution of mobile E11 excitons to the 

SWCNT absorption is reduced (≈40 %, Figure 4.9b), as they are efficiently channelled to the 

sp3 defects,  while no additional sp3 defect absorption can be observed (region around 1.086 eV, 

Figure 4.9b), due to the low defect concentration. The cavities containing functionalized 

SWCNTs are discussed in the following paragraph.  

 

Figure 4.9 Functionalization of (6,5) SWCNTs. a) Screening of the diazonium salt concentration. 

The optimum concentration is underlined. b) Absorption spectra of the reference SWCNT films 

with pristine and functionalized SWCNTs at each three different positions on the sample. The 

spectra were normalized to the PFO-BPy absorption to account for film thickness variations.   

The angle-resolved reflectivity and PL data of the oxide spacer cavities with functionalized 

SWCNTs is shown in Figure 4.10. The reflectivity data obtained for functionalized SWCNTs 

exhibits a clear splitting at the E11
 exciton energy (Figure 4.10), indicating strong coupling. At the 

defect energy around 1.05 eV, no splitting is observed, in accordance with the absence of defect 

absorption in the reference film spectra (Figure 4.9b). Hence, the sp3 defects are weakly coupled, 

which is the required prerequisite for radiative pumping. As for strongly coupled pristine 
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SWCNTs, emission is only observed from the LP branch (Figure 4.10). The LP emission varies 

strongly for different oxide spacer thicknesses or detunings, respectively. Especially around 1.05 

eV, that is the energy of the E11* emission, the LP emission intensity is strongly increased. This 

already indicates radiative pumping from defect states and the corresponding time-dependent data 

is presented later in section 4.8. 

The angle resolved data in Figure 4.10 was analysed analogously to the data presented in 

section 4.3. Figure 4.11 shows the corresponding results of a CO-fit to the angle-resolved 

reflectivity. The cavity energy was calculated from the average effective refractive index from 

the CO-fit (Figure 4.11, black dashed line) and again agrees well with cavity positions obtained 

by the fit. The average Rabi splitting for cavities with functionalized SWCNTs is about 80 % of 

that obtained for cavities with pristine SWCNTs. The reduced coupling strength for the 

functionalized SWCNTs can be attributed to the reduction of E11 excitons, due exciton trapping 

at defects (Figure 4.9). The Rabi splitting scales with the square root of the number of strongly 

coupled emitters. Using the reduction of E11 absorption upon functionalization (40 %, Figure 4.9b) 

as a measure for the reduction of strongly coupled emitters, the reduction in Rabi splitting for the 

functionalized SWCNT can be estimated to be √60 % ≈ 77 % of pristine value. The observed 

Rabi splitting reduction of 80 % agrees well with this estimation.  
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Figure 4.10 Angle-resolved reflectivity (R) and photoluminescence (PL) spectra of ten strongly 

coupled oxide spacer cavities filled with functionalized SWCNTs. Spacer thickness d and 

detuning Δ are given for each data set. The data was fitted to the CO-model (dashed lines) and 

the results are shown in Figure 4.11. 
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Figure 4.11 CO-fit results of the angle-resolved reflectivity of the oxide spacer cavities with 

functionalized SWCNTs shown in Figure 4.10. The calculated cavity position is given as black 

dashed line. The average values of the Rabi splitting and the effective refractive index are given 

as red and grey dashed lines, respectively. 

4.7 Pristine vs. sp3-functionalized SWCNTs in the strong 
coupling regime 

In this section strongly coupled pristine SWCNTs are compared with functionalized SWCNTs in 

detail. For this purpose, the focus lies on the zero-detuning case, in which the cavities are tuned 

to the E11 transition, and a scenario, in which the cavities are tuned to a phonon sideband and a 

sp3 defect emission band, respectively. 

Figure 4.12a and c depict the angle-resolved reflectivity and PL spectra of microcavities 

containing the two types of SWCNTs tuned to the E11 transition (Δ ≈ 0). Both samples exhibit 

strong coupling, which is apparent from the splitting of the cavity mode into UP and LP modes 

at the exciton resonance, as mentioned before. The CO-fit yields a Rabi splitting of 128 meV for 

pristine and of 106 meV for functionalized SWCNTs (≈80 % of the pristine value). As mentioned 

in the previous section, this can be attributed to the lower E11 absorption (Figure 4.9). Both, 

pristine and functionalized SWCNTs, only exhibit PL from the LP branch. For the zero-detuning 

case, the sample with functionalized SWCNTs shows about 43 % less emission than the sample 
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with pristine SWCNTs. This reduction can be attributed to the lower E11 emission intensity for 

functionalized SWCNTs, which scales with the reduction in E11 absorption (compare Figure 4.9). 

 

Figure 4.12 Comparison between pristine and functionalized SWCNTs in the strong coupling 

regime. a) Emission and absorption of a reference film (left) and angle-resolved cavity reflectivity 

(R) and PL spectra of a microcavity (right) containing pristine SWCNT. b) Angle-resolved LP 

spectra for cavities containing pristine (left) and functionalized SWCNTs (right), tuned to G1 and 

E11* transition, respectively. c) Angle-resolved PL and reflectivity spectra of a microcavity (left) 

and emission and absorption of a reference film (right) containing functionalized SWCNTs. The 

cavity stack is given at the top of each data set. 

Figure 4.12b shows the angle-resolved PL of microcavities with pristine and functionalized 

SWCNTs tuned to the G1 and E11* bands, respectively, corresponding to a detuning of Δ ≈ –

180 meV. The angle-resolved reflectivity is omitted for clarity and can be found in the 

corresponding full data sets (Figure 4.3 and Figure 4.10). For this detuning the LP emission from 

the microcavity with functionalized SWCNTs is three times stronger than the LP emission from 

the cavity with pristine SWCNTs. Because the E11* transition can only contribute to the polariton 

population radiatively, the enhanced intensity at this spectral position of the LP branch is 

indicative of radiative pumping. The considerably higher intensity of the LP emission for 

functionalized SWCNTs compared to pristine SWCNTs implies an increase in polariton 
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population and more details on this are given section 4.10. To give definitive evidence for 

radiative pumping by sp3 defects, time-resolved data is presented in the next section. 

4.8 Time-dependent data of strongly coupled sp3-
functionalized SWCNTs 

In the previous section, strongly coupled cavities with sp3-functionalized SWCNTs were 

presented. In the angle-resolved PL data the polariton emission increased, when the LP was tuned 

to the sp3 defect emission. To show, that the underlying mechanism is radiative pumping, in this 

section, the time-dependent fluorescence decay of cavities with functionalized SWCNTs is 

presented. The data was recorded analogously to section 4.5. The kinetic arguments made 

previously also apply for luminescent defects, that is, that the fluorescence dynamics of the 

defects are rate limiting to polariton population in case of radiative pumping.   

The fluorescence dynamics of the E11* and E11*- transitions of functionalized (6,5) SWCNTs with 

sufficiently low sp3 defect densities, as is the case here, can be considered to be decoupled from 

the E11 exciton dynamics. The sp3 defect fluorescence decay also exhibits a biexponential decay 

similar to SWCNT, but with elongated lifetimes due to suppression of diffusive quenching (for a 

detailed information see Background, section 2.3.3). The short lifetime component has been 

interpreted as the redistribution between trapped bright and dark excitons and the long lifetime 

component as the subsequent decay through radiative and non-radiative channels153, 181  

Figure 4.13 presents the analysis of the time-dependent fluorescence data of the oxide spacer 

microcavities with functionalized SWCNTs introduced in section 4.6 and the reference data 

recorded for a weakly coupled reference film of functionalized SWCNTs. All fluorescence 

timetraces were well-described by a biexponential decay convoluted with the instrument response 

function (IRF). Figure 4.13a and b show representative histograms and fits of a cavity tuned to 

the E11* transition and a reference film, respectively. For the microcavities, the extracted lifetimes 

ranged from 20 to 100 ps for the short lifetime component and from 200 to 300 ps for the long 

lifetime component (Figure 4.13c) for varying LP positions or detunings respectively. For the 
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reference film of functionalized SWCNTs, the short lifetime components of the E11* and E11*- 

transitions were found to be around 60 and 100 ps, while the long lifetime components were found 

to be around 200 and 300 ps (Figure 4.13d). 

 

Figure 4.13 TCSPC timetraces (red lines) for a cavity tuned to the E11* emission (a) and the 

respective decay of a reference film (b). Indicated are the IRF (black line) and the biexponential 

deconvolution with residual (blue lines). c) Long and short fluorescence lifetime components 

obtained for the oxide spacer microcavities with detunings from –64 to –356 meV. d) E11* and 

E11*- fluorescence lifetimes measured for the reference. Error bars represent the uncertainty of the 

biexponential deconvolution.  
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In Figure 4.14 the lifetime data presented in Figure 4.13 is correlated to the lifetime data of the 

reference based on the energy of the LP emission maximum. The top panel in Figure 4.14a shows 

the emission spectrum of the weakly coupled reference film. The defect emission peaks E11* and 

E11*- are indicated as the components of a multi-Lorentzian fit to the spectrum for clarity. The 

centre panel of Figure 4.14a shows the k|| = 0 emission spectrum for the different cavity samples 

and the bottom panel shows the cavity fluorescence timetraces recorded at the respective emission 

maximum. Figure 4.14b presents the thusly correlated short lifetime components of the cavity 

decay (red diamonds) and the E11* and E11*- defect emission. The fluorescence decay in the VAS 

limit (black circles) and the intrinsic polariton lifetime calculated by linewidth (grey triangles) 

are given for comparison. Within the error of the TCSPC experiment, the LP fluorescence 

lifetimes approximately equal those recorded for the weakly coupled reference. Similar to the 

results of pristine SWCNTs (section 4.5), also the biexponential decay behaviour of the weakly 

coupled reference is retained (Figure 4.13a and b). The similarity between cavity and reference 

fluorescence decays strongly suggests radiative pumping by luminescent sp3 defects. This result 

further shows, that for strongly coupled SWCNT, the emitter fluorescence dynamics are clearly 

rate limiting to the polariton emission, even for more long-lived luminescent defect states. Also, 

it is important to note, that again no lifetime shortening due to the VAS process is observed.  
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Figure 4.14 a) Correlation between reference and cavity fluorescence decay Top panel: Multi-

Lorentzian fit to the PL of a functionalized SWCNT film. Centre panel: k|| = 0 emission of the 

oxide spacer cavities (solid lines). The emission is normalized to the detuning with maximum 

intensity. Lower panel: fluorescence transients of the cavity emission shown in the centre panel. 

The instrument response function (IRF) is given for comparison. b) Comparison between 

experimental and calculated fluorescence lifetimes as a function of LP position. The red shaded 

area error indicates the measurement accuracy based on the IRF. 

4.9 Absence of the Purcell effect 

Thus far, it was assumed that the emission attributed to the LP branch only arises from the 

radiative decay of occupied polariton states. However, polaritons are composite particles and their 

photonic fraction is an electromagnetic mode in the classical sense. Therefore, the LP mode could 

enhance radiative transitions of the exciton reservoir via the Purcell effect, which would lead to 

similar emission patterns as polariton population by radiative pumping. Definite experimental 

evidence for the absence of the Purcell effect could only be obtained from cavities with sp3-

functionalized SWCNT data, as their slow fluorescence decay is more sensitive towards small 

increases of the radiative decay. Hence, the following discussion was postponed until now.  
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In order to show the absence of the Purcell effect, the hypothetical Purcell-induced shortening of 

the LP fluorescence lifetime was estimated and compared to the experimentally obtained 

fluorescence lifetime. For this, the LP is treated as a pure electromagnetic mode and the Purcell 

factor 𝐹𝑃
2D is calculated for the cavity tuned to either the X1 or E11* transition using60 

𝐹𝑃
2D =

1

4𝜋

𝜆res

𝑛eff𝐿c
𝑄, (45) 

 where 𝜆res (1.1 eV) is the LP wavelength, 𝑛eff (2.08) is the effective refractive index, 𝑄exp (44.9) 

the quality factor of the LP and Lc (271 nm) is the physical length of the cavity. The values were 

extracted from the experimental angle-resolved reflectivity data of the respective cavities for 

pristine and functionalized SWCNTs. With this, a theoretical 7-fold increase of the radiative 

decay for the X1 and E11* transitions, respectively, is obtained. To calculate the effect on the 

fluorescence lifetime, the non-radiative decay is estimated using the sideband PLQY measured 

for the reference film (X1 = 0.2 % and E11* = 0.5%) and the amplitude averaged fluorescence 

lifetime obtained from the biexponential fit, using 

τPL,Purcell= ((
1-Φref

τPL 
) + 𝐹𝑃

2D (
Φref

τPL
))

−1

, (46) 

where τPL,Purcell is the estimated cavity fluorescence lifetime in case of Purcell enhancement, Φref 

is the PLQY of the pumping sideband measured from the reference film and τPL is the amplitude 

averaged lifetime of the fluorescence decay of the respective sideband. Details on the PLQY 

measurement can be found in Experimental, section 3.2.8. The results are discussed in the 

following. 

Figure 4.15a and b show fluorescence decay transients of the LP tuned to X1 and E11* transitions 

(black solid lines) and the corresponding transients of the reference sample at the same emission 

energy (red dashed lines).  For both transients, the amplitude averaged lifetime is given in the bar 

chart to the right of each timetrace-plot, together with the calculated lifetime for hypothetical 

Purcell enhancement by the LP calculated using equation (46). Error bars indicate the uncertainty 
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of TCSPC measurement (8 ps). For both cavity samples (pristine and functionalized), the LP 

exhibits a slightly longer fluorescence lifetime (grey bar) compared to the reference (red bar), 

whereas in case of Purcell-enhancement (green bar) the lifetime should be unchanged (pristine 

SWCNT) or slightly shorter (functionalized SWCNT) compared to the reference. Especially for 

LP populated by the long-lived E11* state, Purcell enhancement is clearly absent (Figure 4.15b). 

 

Figure 4.15 Fluorescence decay of microcavities (solid lines) and references (dashed lines) with 

pristine (a) and functionalized (b) SWCNTs tuned to the at X1 and E11* transition, respectively. 

The amplitude averaged lifetimes for cavity (grey) and reference (red) together with the calculated 

cavity fluorescence lifetime in case of Purcell enhancement are given for comparison.  

Furthermore it should be noted, that all sub-bandgap transitions, resolvable by the TCSPC setup, 

exhibit slightly longer fluorescence lifetimes in strongly coupled cavities compared to the weak 

coupling regime (compare Figure 4.7 and Figure 4.14), not only to the cavity samples presented 

in this section. The absence of the Purcell effect is in accordance with the description of radiative 

pumping as non-adiabatic coupling between the emitter’s fluorescing state and the LP, as in this 

picture, no true emission event is involved.66 The relaxation towards the fluorescing state is 

unaffected by strong coupling and coupling from the fluorescing state to the polaritons still 

competes with the usual non-radiative deactivation processes present in the emitter layer. 

Assuming that the fluorescing states belong to the polariton dark state manifold,66 the observed 

slight elongation of the cavity fluorescence decay compared to the weakly coupled reference 
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indicates, that the radiative decay in free space is slightly faster than the population transfer rate 

to the bright LP. 

Absence of the Purcell effect also excludes the occasionally applied notion, that emission might 

directly leak out of the cavity, e.g. through the transparent part of the polariton mode. Based on 

this section, it can be concluded that the observed LP emission solely arises from occupied 

polariton states, which is important for the analysis conducted in the next section. 

4.10 Manipulating the polariton population with luminescent 
sp3 defects 

In the preceding sections, radiative pumping was identified as the dominating population 

mechanism in SWCNT exciton-polaritons, based on their fluorescence dynamics an angle-

dependent emission patterns. In this section, a quantitative assessment of the relative contributions 

of radiative pumping by the different PSBs and the sp3 defects to the polariton population is 

conducted. For this, the polariton population of the LP as a function of detuning is analysed. The 

polariton population can be extracted from the angle-resolved emission spectra of the cavities, as 

described in the following. 

In order to compare polariton populations between different samples and detunings, the data is 

corrected for the excitation efficiency of each sample. Firstly, the electric field intensity within 

each structure is simulated for the employed excitation wavelength (640 nm) using the transfer 

matrix method and the field intensity within the SWCNT layer is integrated. The thusly calculated 

overlap between excitation field and active layer is proportional to the change in excitation 

efficiency between samples of different detuning and includes the intensity loss at the top mirror 

of each structure. Figure 4.16a shows the simulated E-field intensity within the cavity stack for a 

sample with small and a sample with large overlap, respectively (top and bottom panel). The 

different layers are indicated by coloured shadings. For simulation, the SWCNT layer thickness 

was chosen to match the experimental reflectivity of each sample, which was in average achieved 

for 80 ± 1.8 nm SWCNT layer thickness. The excitation efficiency correction factors for each 
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sample were obtained by taking the ratio between the value for the sample with minimum overlap 

and the sample in question, shown in Figure 4.16b. This procedure has a certain mapping error, 

because the correction factors from the simulation are assigned to the experimental data based on 

the nominal oxide layer thickness. The error introduced for the LP position is estimated by 

multiplying the standard deviation of the SWCNT layer thickness (±1.8 nm) with the slope of a 

Bézier interpolation of the data points (Figure 4.16b), yielding the error of the LP position in 

wavelength units. This error is converted into energy units by calculating the corresponding 

uncertainty in optical pathlength for the cavity’s fundamental mode. Because the dependence of 

the overlap on detuning cannot be expressed analytically, the error of the correction factor itself 

was determined heuristically by taking the difference between each correction factor and a B-

spline interpolation of the correction factors (Figure 4.16b). A summary of all overlap simulations 

and the error calculation can be found in the Appendix, section 8.1.4. 

 

Figure 4.16 a) E-field intensity at the excitation wavelength as a function of stack position within 

SWCNT filled microcavities for k|| = 0 with different oxide spacer thicknesses (top and bottom 

panel). b) Correction factors calculated from the overlap between E-field intensity and the active 

layer for the microcavity sets with pristine (top panel) and functionalized (bottom panel) 

SWCNTs. 
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Due to their composite nature, the polariton population NP is not directly proportional to the 

emission intensity IP but to IP/α2, where α is the photon fraction.57 The photon fractions α were 

extracted from the CO-fit results of the experimental reflectivity data and with this the LP 

population was calculated from LP emission averaged over ±1.5° around k|| = 0. By multiplying 

the population with respective correction factor, the relative changes between samples can be 

attributed solely to a change in population efficiency. 

 

Figure 4.17 Calculated polariton population for SWCNT filled microcavities at k|| = 0 as a 

function of LP position for a) pristine SWCNTs and b) for functionalized SWCNTs. The black 

solid line is a guide for the eye. For the functionalized SWCNTs, the population change with 

respect to the pristine sample is shown in red for an increase and in blue for a decrease and the 

respective values are shown in (c). The PL spectra (red shaded areas) of pristine and 

functionalized SWCNT films are presented for comparison. 

The following section turns to the analysis of the population data. Figure 4.17a and b depict the 

LP population as a function of LP position for microcavities with pristine and functionalized 

SWCNTs, respectively. The error bars given in Figure 4.17 account for averaging over ±1.5° 

around k|| = 0 and the aforementioned error of the excitation efficiency correction. For the 

functionalized SWCNTs, the relative change in population compared to the respective pristine 

sample is indicated in red for an increase and in blue for a decrease. The reference PL spectra of 

pristine and functionalized SWCNT films are given for comparison. A plot of the relative change 
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in population for cavities with functionalized SWCNTs compared to cavities containing pristine 

SWCNTs is shown in Figure 4.17c. 

In Figure 4.17, the detuning dependent LP populations of both data sets resemble the spectral 

shape of pristine and functionalized SWCNT emission, except for a deviation below 1.0 eV. This 

similarity implies that radiative pumping accounts for the majority of the polariton population 

within the observable emission angles. In the case of microcavities with pristine SWCNTs, the 

polariton population at k|| = 0 is maximized when the LP is tuned to the E11 emission 

(Figure 4.17a). While for the functionalized SWCNTs (Figure 4.17b), the population at the same 

detuning is reduced to approximately one third compared to the pristine SWCNTs. This reduction 

corresponds to the decrease in E11 emission for the functionalized reference films compared to 

pristine SWCNTs and agrees well with a radiative pumping mechanism. Thus, radiative pumping 

also dominates the population at small and positive detunings in case of SWCNTs. However, 

definite evidence would require the temporal resolution of the fluorescence decay of the E11 

transition, which was not feasible with the available TCSPC setup. Below 1.0 eV, the LP 

population of the pristine SWCNTs increases slightly and does not follow the emission spectrum. 

For functionalized SWCNTs, this deviation is even more pronounced (Figure 4.17b). Yet, this 

deviation cannot be confidently interpreted on the basis of the available data, as the lifetime data 

shows no significant change at these wavelengths and the ultrafast component of the polariton 

decay was accounted for using the experimentally determined photon fraction. Therefore, this 

aspect of the population data remains elusive on the basis of the available data. 

Comparing the population of cavities with functionalized SWCNTs to cavities with pristine 

SWCNTs (Figure 4.17b and c, color-coded symbols), an increase in polariton population for all 

detunings at which the LP overlaps with the sp3 defect emission bands is observed. For LPs 

overlapping with the E11 emission, a decrease with respect to the pristine SWNCTs is observed. 

This reflects the relative change in the emission spectrum from pristine to functionalized 

SWCNTs, as described earlier. The highest population is found for highly emissive polaritons 
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(photon fractions > 98%), which is 5-fold higher compared to the corresponding pristine sample 

(~ 0.92 eV, Figure 4.17). For detunings around 1.0 eV, the highest relative enhancements are 

found with ratios of about 10-fold (photon fractions > 90%). 

The population analysis gives further evidence that radiative pumping dominates the polariton 

population of pristine and functionalized SWCNTs. Hence, the polariton population is limited by 

the low SWCNT PLQY. However, this limitation can be overcome by introducing luminescent 

sp3 defects which can increase the total SWCNT PLQY up to two-fold.50 The population analysis 

shows, that this may relate to an up to 10-fold increase in the polariton population, depending on 

the spectral position. Functionalization of SWCNTs with luminescent sp3 defects therefore offers 

a unique approach to manipulate and increase the polariton population. 

4.11 Summary and conclusion 

In this chapter, the population and relaxation of SWCNT exciton-polaritons with focus on 

radiative states was investigated. It was found that radiative pumping constitutes the dominant 

population mechanism in this system. The polariton fluorescence decay closely resembles the 

biexponential decay of the weakly coupled SWCNT reference at various wavelengths, thus 

excluding vibrationally assisted scattering. The spectral emission shape of both, pristine and 

functionalized SWCNTs, can account for the majority of the observed polariton population within 

the investigated range of detunings. Furthermore, the dominant role of radiative pumping 

indicates that polariton population is mainly limited by the low PLQY of SWCNTs. The 

introduction of moderate densities of luminescent sp3 defects to the SWCNTs increases the PLQY 

while only slightly reducing the absorption of the fundamental E11 transition and without 

producing new absorption bands in film. Therefore, microcavities containing functionalized 

SWCNTs exhibit strong coupling with the same polariton branch-structure as those with pristine 

nanotubes and at only a slightly reduced Rabi splitting (~20 %). It was found that functionalized 

SWCNTs can be employed to increase the polariton population at highly emissive detunings 

(photon fractions > 90%) up to 10-fold. Furthermore, the defect emission can be spectrally tuned 
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by changing the substituents and the binding pattern,182, 183 and thus, may serve as a viable route 

to tune and increase the polariton population. 
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5 Ultrafast dynamics of SWCNT exciton-polaritons 

In the previous chapter it was found, that SWCNT exciton-polaritons are predominantly 

populated radiatively, following the fluorescence dynamics of the underlying emitter. In this 

chapter, strongly coupled (6,5) SWCNTs are investigated with pump-probe spectroscopy to 

increase the time resolution towards the intrinsic polariton lifetime and observe ultrafast dynamics 

on the femtosecond timescale. By measuring the cavity transient transmission response, also non-

emissive states are observed, revealing a polariton intrinsic feature that is found to be a direct UP 

to biexciton transition. Furthermore, the dynamics of this transition shed light on the population 

transfer from the dark polariton states to the UP state. The time-dependent data presented in this 

chapter were recorded by Dr. Zhouran Kuang and analysis of the data was conducted under the 

supervision of Dr. Tiago Buckup. A manuscript based on the work presented here is in 

preparation. 

5.1 Introduction 

In the previous section, the polariton fluorescence decay was found to be similar to the 

fluorescence decay of the weakly coupled emitter. This can be explained by the radiative pumping 

mechanism, that is, that the emitter dynamics are not changed in the strong coupling regime within 

the time-resolution of the TCSPC experiment (~ 8 ps) and the excited state relaxes down to the 

fluorescing state with the dynamics of the weakly coupled emitter (see Background, section 2.2.2 

for details). For radiatively pumped polaritons, one would therefore expect, that the modification 

of the emitter dynamics should be confined to the timescale of the polariton intrinsic lifetime, 

during which bright polaritons and dark states coherently exchange energy. In this chapter, the 

time-resolution is therefore increased by measuring the cavity transient transmission by pump-
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probe spectroscopy, in order to explore, whether the SWCNT dynamics are modified by strong 

coupling at shorter timescales. 

The timescale of coherent energy exchange between dark and bright states can be estimated from 

the typical dephasing time of photon and emitter.184 In metalclad cavities, the fast photon decay 

is the major contribution to dephasing. Considering photon lifetimes of few to tens of 

femtoseconds, the coherent regime is difficult to resolve, even with the shortest available laser 

pulses in the relevant spectral range.185 However, multiscale molecular dynamics simulations of 

rhodamine molecules in a cavity showed reversible population transfer between long-lived dark 

states and bright polaritons, leading to an extension of the bright polariton lifetime to over 

100 fs.58  This could be confirmed by two-dimensional Fourier transform pump-probe 

experiments, which allow for ultrashort broadband pump pulses (~ 20 fs), revealing coherent 

energy exchange between UP, LP and dark states during the first 150 fs after excitation. This 

experiment demonstrated the modification of the emitter dynamics by a strongly coupled 

metalclad cavity beyond the ultrashort photon lifetime.186 

Beyond the extended coherent timescale (~ 150 fs, accessible by conventional transient 

transmission (TT) and transient reflectivity (TR)), the polariton transient response was found to 

follow that of the underlying emitter by all studies conducted so far.91-93, 187-189 Even for J-

aggregates, in which the polariton fluorescence decay should be faster than that of the emitter, 

owing to vibration assisted scattering100, the polariton transient response is essentially emitter 

like.92, 187 The reason for this might be the low PLQY of strongly coupled J-aggregates (~0.1-

1 %).187 If the PLQY of the strongly coupled cavity is low, the contribution of excitons populating 

polaritons and decaying radiatively only constitutes a minor contribution to the whole exciton 

population monitored in transient transmission or reflectivity. Consequently, a change in emitter-

dynamics caused by radiative decay may only be observed for exciton-polaritons possessing high 

PLQYs and that are not populated radiatively. For systems not meeting these criteria, only 

polariton intrinsic transitions may show spectral signatures that are not simply explained by the 
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relaxation of the underlying emitter. This can be either a transition into a polariton excited state 

or a transition from a bright polariton state into a weakly coupled emitter state. Transitions into 

excited polariton states have so far only been reported in the coherent regime190, 191, and the only 

report192 beyond this timescale suffers from conceptual issues, which is explained in section 5.3. 

A transition from a polariton state into a weakly coupled excited state has so far not been observed 

for polaritons based on disordered semiconductors.91-93, 187-189 However, such a transition is known 

for quantum-well (QW) exciton-polaritons. ZnSe exhibits a polariton to biexciton transition under 

excitation with circular polarized light at cryogenic temperatures,193, 194 given the cavity normal-

mode splitting is smaller than the biexciton binding energy.193 Owing to the large biexciton 

binding energy of 130 meV53 in (6,5) SWCNT such a transition may be observable for strongly 

coupled SWCNTs under excitation with linearly polarized light.134 

In the following, a pump-probe technique is employed to record the transient transmission of 

strongly coupled SWCNT metalclad cavities. Firstly, this technique provides the required time 

resolution to investigate the ultrafast polariton dynamics, but it also allows detection of non-

emissive states such as the SWCNT biexciton.134 Transfer matrix (TM) simulations are used to 

account for non-polaritonic changes in cavity transmission caused by the transient refractive index 

change induced by the SWCNT bleach. Thus, it becomes possible to distinguish possible polariton 

excited state absorption from SWCNT bleach induced features, such as a polariton to biexciton 

transition. By comparing transient dynamics for resonant polariton and off-resonant E22 

excitation, the direct nature of polariton to excited emitter state transitions can be confirmed. 

5.2 Transparent metalclad cavity 

In order to perform pump-probe measurements in a conventional transient absorption setup, the 

SWCNT cavity design was chosen to be transparent, that is, a symmetric cavity stack without a 

highly reflective bottom mirror and a transparent glass substrate (Figure 5.1a). For both cavity 

mirrors, a 30 nm gold layer was chosen, allowing for sufficient transmission through the sample, 

yet providing enough reflectivity for strong light-matter coupling.  The SWCNT layer, (6,5) 
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SWCNT in a PFO-BPy matrix, was chosen to be 30 nm thick, in order to reduce the Rabi-splitting 

sufficiently below the biexciton binding energy. Furthermore, thin SWCNT films allow for a 

reduced cavity wedge, which is necessary due to the large spot size of the focused pump beam 

(~250 µm, FWHM) as well as limited positioning precision in the pump-probe setup (described 

in the Experimental, section 3.2.10). The SWCNT film was centred by symmetric aluminium 

oxide spacers (120 nm) at the field maximum of the λ/2 cavity, minimizing the amount of 

uncoupled SWCNTs, which could contribute to the cavity transient response and mask the dark 

state nature of the exciton reservoir. The cavity tuning was chosen to be negative, in order to 

increase overlap between the exciton reservoir and UP and allow for sufficient coupling in case 

of off-resonant excitation. A detailed description of the cavity preparation can be found in the 

Experimental, section 3.1.3.  

Figure 5.1b depicts the steady state angular resolved reflectivity (R) and photoluminescence (PL) 

for the sample described above as recorded by Fourier imaging in p-polarization (see 

Experimental, section 3.2.2). The sample was in the strong coupling regime as evident from the 

anti-crossing at the exciton energy in reflectivity (Figure 5.1b, R). A coupled oscillator fit to the 

UP and LP mode in reflectivity yielded a Rabi splitting of 80 meV. From the LP linewidth the 

quality-factor was estimated to be around 25, which corresponds to a bright polariton lifetime of 

15 fs and which will be referred to as the intrinsic polariton lifetime in the following. The PL was 

recorded under off-resonant excitation (640 nm) with a continuous wave laser diode. As in the 

previous chapter, emission is only observed from the LP (Figure 5.1b, PL) with maxima at the 

red flank of the E11 emission and the X1 sideband, indicative of radiative pumping, whereas no 

emission from the UP is observed. Note that although both, LP and UP, overlap with the E11 

emission, in case of the UP, the concurrent overlap with the E11 absorption leads to efficient non-

radiative relaxation of the UP (compare Figure 5.1d).58  
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Figure 5.1 a) Schematic of the transparent cavity stack, glass substrate is omitted for clarity. b) 

Angle-resolved steady state reflectivity (R) and photoluminescence (PL) of strongly coupled (6,5) 

SWCNT. c) Steady state transmission spectrum of the sample in (b) under normal incidence. d) 

Mode overlap between polaritons shown in (c) with weakly coupled SWCNT emission and 

absorption. f) SWCNT reference film absorption spectrum. 

In order to illustrate how the angle-resolved polariton modes relate to the transmission modes 

recorded under normal incidence, Figure 5.1c depicts the transmission of the transparent cavity 

sample recorded in a commercial absorption spectrometer (see Experimental, section 3.2.1). 

Figure 5.1c serves as a reference for the polariton mode positions for the transmission pump probe 

measurements. 

As a reference sample, a (6,5) SWNT film was deposited on a glass substrate from the same 

SWCNT dispersion used to prepare the cavity sample in Figure 5.1a-c and covered with 120 nm 

aluminium oxide. The SWCNT emission and absorption around the E11 transition are shown in 
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Figure 5.1d, together with cavity transmission at normal incidence. The full absorption spectrum 

of the SWCNT reference film is shown in Figure 5.1e. The same film was used to record reference 

transient absorption (TA) data for weakly coupled SWCNTs. The following section introduces 

pump-probe measurements on cavity samples and the different contributions to their transient 

response. 

5.3 Cavity transient transmission and reflectivity 

The difficulty in transient transmission and reflectivity spectroscopy of strongly coupled 

microcavities is that the information on the polariton population, that is, polariton photoinduced 

bleaching and absorption, is convoluted with the reflectivity of the cavity sample. Consequently, 

the observed peaks cannot be analysed as in conventional transient absorption spectroscopy, 

where the sample reflectivity can be neglected under normal incidence.195 Note that Virgili et al.93 

and DelPo et al.192 neglect this issue. In principle, all cavity materials can exhibit transient changes 

of the refractive index depending on the pump wavelength and fluence, which leads to a change 

in cavity reflectivity that is not of polaritonic origin.184 In the following, these contributions are 

discussed. 

Both, the metal mirrors and SWCNTs are electronically excited by the pump wavelengths used 

here (575 to 1000 nm), whereas the polymer matrix and the oxide spacers are transparent at these 

wavelengths and cannot be excited directly. Note that the pump fluences after reflection at the top 

mirror is around 40 µJ cm-2, which is why multi-photon absorption of the polymer matrix and 

oxide spacer can be neglected. 

In the following, the contributions of the transient changes of the gold mirror and SWCNT 

refractive index upon pump-pulse arrival are assessed. The cavity transient response is simulated 

using the transfer matrix (TM) scheme to separate the different contributions. This is done for the 

experimental parameters used here and the simulation results are used as a reference to interpret 

the experimental data presented later. 
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5.3.1 Gold mirror thermo-reflectivity 

Thin gold or metal layers in general, are known to be thermally excited by near-infrared 

femtosecond pump-pulses owing to the broad absorption of electron gas (or plasma). This leads 

to the so-called thermo-reflectance response of metals.196 The thermal excitation of metals can be 

described by a two temperature model, dividing the metal’s heat capacity into electronic 𝐶𝑒 (66 J 

m-3 K-2 for Au)196 and lattice  𝐶𝑙 (2.43∙106 J m-3 K-1 for Au)196 contributions. The temperature of 

the electron gas 𝑇𝑒 is raised by the energy deposited by the pump pulse 𝐸𝑝𝑢𝑚𝑝(𝑡) and coupled to 

the temperature of the lattice 𝑇𝑙 by electron-phonon coupling 𝑔𝑒−𝑝ℎ (2.1∙1016 J fs-1 K-1 m-3 for 

Au)197. The temporal evolution of the heat transfer is then given by the following coupled 

differential equations:176 

𝐶𝑒𝑇𝑒

𝜕𝑇𝑒

𝜕𝑡
= −𝑔𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑙) + 𝐸𝑝𝑢𝑚𝑝(𝑡), 

 𝐶𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝑔𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑙). 

(47) 

(48) 

The deposited pump energy is given by 

𝐸𝑝𝑢𝑚𝑝(𝑡, 𝜆) = 𝐽𝑝𝑢𝑙𝑠𝑒 ∙ 𝐴(𝜆) ∙ 𝑆𝑝𝑢𝑙𝑠𝑒(𝑡)/𝑑 with 𝑆𝑝𝑢𝑙𝑠𝑒(𝑡) =
2√ln2

√𝜋 ∙ 𝑡𝑝

exp [−4 ∙ ln (
√2𝑡

𝑡𝑝

)

2

], (49) 

where 𝐽𝑝𝑢𝑙𝑠𝑒 is the pump fluence, 𝐴 is the absorbance, 𝑓𝑝𝑢𝑙𝑠𝑒(𝑡) is the temporal pulse profile, 𝑑 

is the metal thickness and 𝑡𝑝 the pulse width. Figure 5.2a shows the time evolution of electron 

and lattice temperature calculated with equations (19) and (48) for the top gold mirror of the 

transparent cavity introduced in section 5.2 (30 nm, with 𝐴𝐴𝑢 ≈ 2.6 %) and the pump pulse 

parameters used for the experiments presented later in section 5.5 (𝐽𝑝𝑢𝑙𝑠𝑒 = 61 µJ/cm2, 𝑡𝑝 = 

150 fs). The results show that only the electron gas should be considerably heated by the pump 

pulse (Δ𝑇𝑒 ≈ 23 K), whereas the lattice temperature increase should be small (Δ𝑇𝑙 ≈ 0.2 K). 

Considering the linear thermal expansion coefficient of the neighbouring aluminium oxide layer 
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(10-6 K-1), heating effects should not lead to detectable changes in terms of thermal expansion. 

Therefore, the following discussion focuses on thermo-reflection. 

 

Figure 5.2 a) Calculated, pump-induced change of electron and lattice temperature of a 30 nm 

gold film excited at 1000 nm. b) Complex refractive index of gold calculated with the Lorentz-

Drude model (solid lines) and experimental data198 for comparison (empty circles). 

The pump-induced change of electron and lattice temperature introduces a time dependence to 

the damping rate of electron plasma, which in turn leads to a transient change in the metal 

dielectric function or refractive index, respectively (see Background, section 2.1.1). The 

temperature dependence of the electron plasma damping rate can be described by the 

expression:197 

𝛤0(𝑇, 𝑡) = 𝐴𝑒𝑒𝑇𝑒(𝑡)2 + 𝐵𝑒𝑝ℎ𝑇𝑙(𝑡). (50) 

The first term accounts for damping by electron-electron scattering and the second term for 

electron-phonon scattering, with the empirical constants 𝐴𝑒𝑒= 1.7∙107 s-1 K-2 and 

𝐵𝑒𝑝ℎ= 1.45∙1011 s-1 K-1 for Au.197 Here, the intraband or free electron part of the gold dielectric 

function is described by the Drude model and higher frequency interband contributions are 

described by a sum of Lorentz oscillators:177 
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𝜀(𝜔) = 1 −
𝑓0𝜔𝑝

2

𝜔(𝜔 − 𝑖𝛤0)
+ ∑

𝑓𝑗𝜔𝑝
2

(𝜔𝑗
2 − 𝜔2) + 𝑖𝜔𝛤𝑗

𝑚

𝑗=1

, (51) 

where 𝜔𝑝 is the plasma frequency, 𝑚 is the number of oscillators with frequency 𝜔𝑗, strength 𝑓𝑗 

and lifetime 𝛤𝑗. The term 𝑓0𝜔𝑝
2 denotes the squared plasma frequency of intraband transitions with 

oscillator strength 𝑓0 and damping rate 𝛤0, Using the relationship 

𝑛
𝑘⁄ = (

1

2
(√Re(𝜀(𝜔))2 + Im(𝜀(𝜔))2 ± Re(𝜀(𝜔))))

−
1
2

, (52) 

the complex refractive index of gold can be calculated with tabulated values177 for the Lorentz-

Drude model of gold. The obtained values agree well with the experimental complex refractive 

index measured at room temperature198 (Figure 5.2b). Assuming that interband transitions remain 

unaffected by the pump pulse heating, which is a reasonable approximation for small heat transfer 

to the lattice, the time-dependent change of the complex refractive index can be calculated using 

equations (50) and (51). The results obtained at the energy of the (6,5) SWCNT E11 exciton are 

shown in Figure 5.3a with the conditions used to calculate the pump-induced heating presented 

in Figure 5.2a. For these conditions the change in the complex refractive index components 𝑛 and 

𝑘 is on the order of 2 %. By incorporating the transient change of the gold refractive index into 

the TM scheme, the cavity transmission can be simulated as a function of time.176 Time zero is 

defined as the pump pulse arrival time (maximum of the temporal pulse shape). For a comparison 

between simulated and the experimental data shown later, the cavity transient difference 

transmission is plotted as −lg (𝑇(𝑡)/𝑇0), where 𝑇0 represents the cavity transmission spectrum 

calculated for the plasma damping rate at room temperature 𝛤0(𝑅𝑇). In order to purely assess the 

thermo-reflectivity contribution, the refractive indices of spacer and SWCNT layer were held 

constant. For simplicity, the same time-dependent refractive index was used for both metal 

mirrors, which overestimates the effect as most of the pump-fluence is reflected at the first mirror. 

The results are shown in Figure 5.3b. The thermo-reflectance of the gold mirrors leads to a 

transmission increase of the transparent polariton modes, most dominant within the first 3 
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picoseconds. Also note, that this effect does not affect the polariton mode positions. However, for 

the sample and excitation conditions used here, the effect is small (maximum at LP ~ 0.001 OD) 

compared to the transient change caused by the SWCNT bleach calculated for the same excitation 

conditions (maximum at LP ~ 0.07 OD, see section 5.3.2 for details). As the thermo-reflectivity 

does not produce additional spectral features or lead to a polariton mode shift, together with its 

small overall contribution, the effect is neglected in the following sections. 

 

Figure 5.3 a) Calculated, pump-induced change of the metal mirror complex refractive index b) 

Transient transmission of a strongly coupled SWCNT cavity, simulated for thermally excited 

metal mirrors. The SWCNT layer excitation was not included for clarity. 

5.3.2 Cavity response by SWCNT refractive index change 

The predominant contribution to the transient response of strongly coupled cavities, including 

metalclad and dielectric mirror cavities, is the transient change of the refractive index of the 

underlying emitter.91, 92 Note that this is regardless of whether emitter or polaritons are excited.91, 

92 In order to assess the emitter-contribution to the transient transmission response of the cavity, 

the cavity transmission is calculated using the complex refractive index extracted from the 

transient transmission spectrum of the weakly coupled SWCNT reference (Figure 5.4a). A 

detailed discussion of the SWCNT transient absorption can be found in the Background, 

section 2.3.2. To account for the reduced pump fluence inside the cavity due to top mirror 

reflection (~ 95% loss at 1000 nm), the reference data was recorded for a 2 nJ pump pulse to later 
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compare the simulation results with cavity data collected at 30 nJ pulse energy. Further details on 

the pump-probe measurement can be found in the Experimental, section 3.2.10. 

 

Figure 5.4 a) SWCNT transient absorption or transmission, respectively, of the SWCNT 

reference film. The scaled steady state transmission is shown as a dashed line for comparison. b) 

Imaginary part (k) of the complex refractive index calculated from the SWCNT reference data. c) 

Real part of the complex refractive index (n) calculated by the Kramers-Kronig. Respective 

imaginary and real part of the complex refractive index for a (6,5) SWCNT/PFO-BPy film (grey 

dashed line) and a PFO-BPy film (red dashed line) measured by ellipsometry40 are given for 

comparison in (b) and (c). d) Simulated cavity transient transmission based on the transient 

refractive index data shown in (b) and (c). The scaled experimental steady state transmission of 

the transparent cavity is given for comparison (grey dashed line). 
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First, the transient transmission 𝑇(𝑡) was extracted from the difference spectrum, given as  

−𝑙𝑔(𝑇(𝑡)/𝑇0), by adding the steady state transmission 𝑇0 of the SWCNT reference sample: 

𝑙𝑔(𝑇(𝑡)) = 𝑙𝑔(𝑇0) + 𝑙𝑔(𝑇(𝑡)/𝑇0). (53) 

Using the approximation that sample reflectivity can be neglected for the reference (𝐴 ≈ 1 − 𝑇), 

the transient transmission can be converted to the imaginary part of the complex refractive index 

𝑘 with 

𝑘(𝑡) =  
𝑙𝑔(𝐴(𝑡)) ∙ 𝜆

lg(𝑒) ∙ 4𝜋 ∙ 𝑑(𝑆𝑊𝐶𝑁𝑇)
, (54) 

where 𝑑(𝑆𝑊𝐶𝑁𝑇) is the average thickness of the SWCNT reference film as obtained by 

profilometry. The results are shown in Figure 5.4b. For increasing pump-probe delay 

(approaching steady state), the extracted extinction coefficient approaches values determined 

experimentally for a (6,5) SWCNT film by Graf et al.40 (Figure 5.4b, grey dashed line). The real 

part 𝑛 was then calculated by the Kramers-Kronig relation for the complex refractive index (see 

Background, section 2.1.1 for details), again showing good agreement with experiment (Figure 

5.4c, grey dashed line). The refractive index components for the matrix polymer PFO-BPy are 

shown in Figure 5.4 b and c for comparison. 

Using the transient refractive index extracted from the SWCNT transient transmission or 

absorption, respectively, the effect of the SWCNT bleach on the cavity transient transmission 

spectrum can be calculated using the TM scheme. For simulation, the layer thicknesses were 

chosen based on the cavity stack introduced in section 5.2. The simulated cavity transient 

transmission spectrum is shown in Figure 5.4d. In the following, the important emitter-bleach 

related transient transmission features are discussed. Whereas the weakly coupled SWCNT 

spectrum (Figure 5.4a) is dominated by the E11 bleach (5 times more intense than all other signals), 

the spectrum of the strongly coupled cavity exhibits two overlapping spectral features with 

derivative-like lineshapes (see inset Figure 5.4d for illustration). The low energy feature can be 

attributed to the LP ground state response and the high energy feature to the UP ground state 
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response. Due to the pump induced bleach of the SWCNT E11 exciton absorption, the Rabi-

splitting is reduced, and as a consequence, LP and UP are spectrally closest to each other at pump-

pulse arrival. Upon ground state recovery, the SWCNT absorption and Rabi splitting recover, 

leading to increasing LP-UP separation at later times. In the transient difference spectrum, the 

polariton mode shift produces the characteristic derivative-like line shape. 

This is illustrated in Figure 5.5, depicting the simulated cavity transmission without subtraction 

of the steady state data. The isosbestic points of the LP (1.13 eV) and UP (1.25 eV) feature in the 

difference spectrum (Figure 5.4d), coincide with isosbestic points in the transmission spectra 

shown in Figure 5.5a and b. The LP mode is shifted towards lower energies during excitation, 

leading to an increase in transmission (purple area Figure 5.5a, corresponding to negative signal 

in Figure 5.4d) above 1.13 eV and a decrease in transmission (orange area Figure 5.5a, 

corresponding to positive signal in Figure 5.4d) below 1.13 eV. The same process occurs for the 

UP around 1.25 eV with inverse signs (Figure 5.5b). During relaxation, LP and UP shift back 

towards their equilibrium positions (Figure 5.5 blue to brown lines), corresponding to a reduction 

in signal intensity in the difference spectrum (Figure 5.4d). 

 

Figure 5.5 Simulated LP (a) and UP (b) mode transmission spectra for increasing pump-probe 

delay. The data was simulated using the same parameters as used in Figure 5.4d, but without 

subtraction of the steady state cavity transmission. Increased and decreased transmission is 

indicated in orange and purple, respectively. 
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After establishing the non-polaritonic contributions to the cavity transient transmission, the next 

section proceeds with an approach to fit the TM simulation of the cavity transient transmission to 

experimental data. This will serve as a tool to identify polariton intrinsic excited state dynamics 

in real pump-probe experiments. 

5.4 Genetic algorithm fit 

In order to identify polariton excited state features by comparing experimental transient 

transmission data with simulation data of only non-polaritonic features, the simulation requires 

highly accurate input parameters. The input parameters with the highest uncertainty are the 

structural data for the cavity sample, here that is the different layer thicknesses and the root mean 

square (RMS) roughness. These parameters can only be estimated by local profilometry 

measurements (also see Experimental, section 3.3.1), which may not precisely represent the much 

larger sample area investigated by the pump-probe experiment. This also affects the calculation 

of the transient refractive index of the emitter, in which it is assumed, that the average thickness 

of the sample area investigated in the pump-probe measurement equals the average sample 

thickness measured in steady state transmission (compare section 5.3.2, equations (53) and (54)). 

This reduces the quantitative agreement between simulated and experimental cavity TA data, as 

can be seen in previous reports.91, 92 Here, this limitation is overcome by fitting the TM simulation 

to the experimental transient transmission data. The problem of fitting cavity data with the TM 

scheme is, that usually no analytic expression for the target spectrum exists. For example, the 

polariton modes can only be described analytically close to zero detuning.75 Hence, conventional 

regression methods cannot be employed. This is why a commercial genetic algorithm (GA)175 is 

chosen to fit the data. 

Figure 5.6a shows a schematic of the GA-TM fitting routine. The GA is used to stochastically 

create combinations of input parameters. The possible input parameter values have to be given as 

vectors,175 with the smallest entry being the lower bound and the largest entry being the upper 

bound of the parameter. As changing the SWCNT layer thickness affects the imaginary part of 
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the refractive index (see equation (54)), the refractive index is recalculated with the new value. 

The input (parameter or SWCNT transient refractive index) is then transferred to the TM scheme 

and a difference transmission spectrum is calculated. The resulting spectrum is compared to the 

experimental target spectrum (fitness function). This is done for a set of different input parameter 

combinations (population). After each iteration (generation), successful combinations (selection) 

are changed (mutated) or combined (crossover) minimizing the difference to the target function 

(increasing the fitness of the population). The optimization is terminated if the fitness is not 

improved over the number of stall generations. Here, the standard settings of the commercial GA 

were employed (Table 5.1). It is important to note, that in contrast to a conventional regression 

method, the best fit value is limited by the coarseness of the parameter values. As the GA 

randomly tests the parameter space, the final result may also slightly differ for each run.175 

 

Figure 5.6 a) Schematic illustration of the GA-TM fitting routine. b) GA-TM simulation of the 

SWCNT TA spectrum from the transient refractive index data of the same film. c) GA-TM 

simulation of the cavity transient transmission spectrum under UP excitation. The GA results for 

the input parameters are shown in Table 5.2. 
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Table 5.1 Genetic Algorithm settings. 

Parameter Population size Generations Crossover fraction Stall generations 

Value 200 100 0.5 40 

The approach is demonstrated by simulating the transient spectrum of the reference SWCNT film 

using at 0.5 ps pump-probe delay (Figure 5.6b). The GA chose a SWCNT film thickness of 

40.3 nm, that lies within the thickness uncertainty estimated by profilometry (30 ± 15) nm. Note, 

that for calculating the transient spectrum without GA optimization, that is for 30 nm film 

thickness, the residual between simulated and experimental data was significantly higher, due to 

the uncertainties of the structural input parameter. 

For the cavity simulation two further parameters were added. To account for the wavelength 

dependence of the SWCNT excitation, a scaling parameter was added to scale the transient 

spectrum calculated in equation (53) with regard to the film absorption. This bleaching parameter 

serves as handle to adjust for variations in the bleach intensity for a given SWCNT layer thickness. 

To reduce computation time, a global scaling parameter was introduced. For this, the parameter 

was chosen to scale the result by 5 orders of magnitude. In the initial optimization phase, only 

combinations with a scaling parameter close to one have a good chance of survival, as 

combinations with a large global scaling parameter will not improve much upon change of the 

physical parameters. Close to the end of the optimization, the global scaling parameter enhances 

the probability for the population entering the stall generation phase, slightly improving parameter 

combinations with lower fitness. Note however, that this reduces the physical accuracy of the 

resulting parameter values.  Figure 5.6c shows the simulated and experimental cavity transient 

transmission data. Experimental data for a 10 ps pump-probe delay was used as the target 

spectrum. At this late time, the experimental spectra should be governed by the recovery of the 

SWCNT bleach and polariton intrinsic contributions should be low. Note that at even later times, 

the polariton intrinsic contributions should be even lower, however, the signal to noise ratios at 

spectral areas of low transmission was considerably higher, making the fit less precise. For 
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parameter bounds well beyond the experimental uncertainty of the respective parameter, the 

algorithm converged at values close to the experimental values (Table 5.2). 

Table 5.2 Summary of GA results for the simulation of the TT cavity data for UP excitation at 10 

ps pump-probe delay. 

Parameter 

SWCNT 

thickness 

(nm) 

Spacer 

thickness 

(nm) 

Mirror 

thickness 

(nm) 

RMS 

roughness 

(nm) 

Bleach 

scaling 

parameter 

Global 

scaling 

parameter 

Lower bound 

Upper bound 

Interval 

15 

55 

0.5 

145 

95 

0.5 

20 

35 

0.5 

1 

200 

1 

0.01 

100 

0.01 

0.01 

100 

0.01 

GA Result 46 116 28.5 22 1.53 0.95 

Experimental 30 ± 15 125 ± 2 30 ± 1* 10 1.41†  

*From internal evaporator calibration, †From E11 to E22 absorption ratio. 

The uncertainty of the SWCNT layer thickness corresponds to the variation found for the SWCNT 

reference film shown in section 5.2 and was calculated from three height measurements at sample 

positions spaced over a distance of 1 cm. The RMS roughness was determined for the same film 

from a 5 x 5 µm atomic force micrograph. All profilometry data were obtained from atomic force 

micrographs (see Experimental, section 3.3.1). The mirror layer thickness (asterisk) was 

estimated from the internal calibration of the thermal evaporator with a uniformity of ±3%. The 

higher deviation of the RMS roughness compared to the other structural parameters may be 

caused by the fact, that intralayer scattering was not included into the TM simulation and the RMS 

roughness is a handle to compensate for this fact, as both RMS roughness and intralayer scattering 

lead to line broadening of the cavity mode. Also note that the RMS roughness was included as a 

global parameter (see Background, section 2.1.2). The bleach scaling parameter equals 

approximately the ratio between the E11 and E22 peaks in absorption (Table 5.2, dagger), which 

agrees with the notion, that the cavity was excited closer to the E11 transition. The global scaling 
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parameter only deviates 5 % from unity, indicating that the overall experimental spectrum is 

approximated well by refining the structural input parameters. 

5.5 Polariton transient transmission 

In section 5.3, non-polaritonic origins of the cavity transient transmission were discussed and the 

pump-induced change of the SWCNT refractive index was identified as the major contribution, 

leading to characteristic derivative-like features of the LP and UP. In section 5.4, a method was 

introduced to match the non-polaritonic simulated transient cavity response to experimental data 

in order to identify polariton excited state features, which are not included in the simulated data. 

Based on these considerations, the experimental data on the strongly coupled (6,5) SWCNT 

cavities can be analysed and discussed. 

The transparent cavity sample (introduced in section 5.1) was excited with 30 nJ (~61 µJ/cm2) 

pump pulses at the E22 (2.16 eV) and the UP (1.27 eV) energy (see Experimental, section 3.2.10 

for details). The supercontinuum probe beam was linearly polarized at the magic angle (54.7 °) 

relative to the pump polarization. Note that under normal incidence, the p- and s-cavity modes 

are degenerate (see Background, section 2.1.3). The input parameters for the simulation were 

adjusted by a fit to the experimental cavity difference spectrum under UP excitation at 10 ps 

pump-probe delay. 



103 
 

 

Figure 5.7 a) and b) Transient transmission (TT) data for off-resonant E22 excitation of a strongly 

coupled SWCNT cavity. c) and d) TT data of the same cavity resonantly excited at the UP mode. 

e) and f) Simulated TT data based on the transient refractive index extracted from the SWCNT 

reference film. LP (red) and UP (dark purple) ground state responses are indicated with the 

bracket tip pointing at the isosbestic point. The proposed UP to biexciton transition (UP → E11,BX) 

is indicated by a dashed square. 

Figure 5.7a and b depict the experimental TT data for off-resonant E22 excitation as contour plot 

(a) and as spectra for selected delay times (b). LP ground state response occurs in the region 
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centered around 1.13 eV and UP ground state response is centered around 1.25 eV. These features 

are reproduced by the simulation (Figure 5.7e and f) and can be attributed to the SWCNT bleach 

as discussed in section 5.3.2. The LP response appears broadened owing to a shoulder at its red 

flank. This shoulder is absent in the simulation data (compare Figure 5.7e and f). Its spectral 

position at 1.05 approximately equals the separation between the UP and E11 biexciton (BX) of 

the (6,5) SWCNTs53, which suggests a direct UP to biexciton transition. To confirm this 

assignment, the cavity transient transmission was recorded for resonant UP excitation. The 

corresponding data is shown in Figure 5.7c and d. Under these conditions, the same red-shifted 

shoulder appears immediately, that is, within the HWHM of the pump-pulse width (~ 75 fs), and 

with increased intensity. In contrast to off-resonant E22 excitation, the UP is directly populated, 

which agrees well with a direct UP to biexciton transition. 

In order to further validate, that the observed feature at 1.05 eV arises from photo-induced 

absorption, the simulated data is superimposed onto the experimental for UP excitation for closer 

comparison (Figure 5.8). In Figure 5.8a, the largest deviation between simulation and experiment 

is found for early pump-probe delays (Δt < 1 ps). These differences may arise from the more 

prominent role of equilibration between UP, LP and exciton reservoir, as was observed previously 

with two-dimensional Fourier transform spectroscopy.186 Another potential cause for mismatch 

are coherent interactions between pump- and probe-pulse (Δt < 0.5 ps), which are not included in 

the TM simulation. Apart from the aforementioned deviation, the experimental data exhibits 

slightly broader lineshapes than the simulation, most likely because the interface roughness was 

modelled by a global scalar scattering parameter (see Background, section 2.1.2) and scattering 

within the layers was neglected. At later times (Δt  > 1 ps), the simulation and experimental data 

agree well (Figure 5.8a), apart from the red-shifted shoulder identified as the UP to biexciton 

transition. The origin of this shoulder cannot be explained by a transient change of transmission, 

as it is lower in energy than the equilibrium position of the LP polariton (Figure 5.8b) and 

therefore can be attributed to photo-induced absorption with certainty. 
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Figure 5.8 a) Superposition of experimental (solid lines) and simulated (dashed lines) transient 

transmission data for UP excitation. b) Experimental (solid lines) and simulated (dashed lines) 

transient spectra shown in (a) at 0.8 ps pump-probe delay. The steady state cavity transmission is 

given for comparison (grey dotted line). 

5.6 Decay associated difference spectra (DADS) 

In order to further analyse the dynamics of the experimental and simulated transient data 

presented in the previous section, global analysis is employed. This analysis method allows to fit 

transient spectra without assuming a detailed kinetic or spectral model by a sum of exponentials 

with wavelength dependent amplitudes. Owing to the wavelength dependent amplitudes, the data 

is fitted over the whole spectral range simultaneously, also referred to as globally. Commonly, 

the number of exponentials is chosen to equal the number of spectrally different components, 

such as different electronic states or molecular species. The spectral amplitudes of the different 

exponentials are called decay associated difference spectra (DADS).199 Fitting the three datasets 

presented in section 5.5 with minimum error and residual required five exponentials and one 

offset for measurement noise. The DADS are shown in Figure 5.9 and the time constants of the 

exponentials are given in Table 5.3. 
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Figure 5.9 Spectral region of the biexciton absorption feature in decay associated difference 

spectra. a) Cavity excited off-resonantly at E22. b) Cavity excited resonantly at the UP mode. c) 

Corresponding TM simulation. The lifetimes calculated from the extracted time constants (k1 – 

k5) can be found in Table 5.3.  

The UP to biexciton transition (UP→E11,BX) can be seen around 1.05 eV in the DADS of the 

experimental data, for both E22 and UP excitation (Figure 5.9a and b). The feature is most clearly 

visible in the second and third decay components (k2 and k3). Global analysis reveals, that the first 

three decays are about twice as fast for UP excitation than for E22 excitation (Table 5.3). The 

slower decay in case of E22 excitation can be attributed to the required delay for UP population, 

including internal relaxation to the E11 state (~ 100 fs)110 and subsequent population transfer from 

exciton reservoir to the UP state. Furthermore, the DADS reveal, that the evolution of the UP to 

biexciton transition approximately follows the evolution of the LP feature (around 1.1 eV, Figure 

5.9a and b). As demonstrated in section 5.3.2, the LP feature is produced by the SWCNT ground 
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state bleach. Therefore, the similar spectral evolutions of LP signal and UP to biexciton signal 

indicate, that the polariton-mediated biexciton transition follows the evolution of the ground state 

bleach. This notion agrees with previous experiments on weakly coupled (6,5) SWCNTs, in which 

the biexciton population was found to follow the exciton population.53 It further corroborates the 

biexciton character of the observed transition at 1.05 eV. 

Table 5.3 Summary of lifetimes (1/k) obtained by global analysis. 

Lifetime 

component 
1/k1 (ps) 1/k2 (ps) 1/k3 (ps) 1/k4 (ps) 1/k5 (ps) 

E22 excitation 0.53 ± 0.06 2.0 ± 0.2 10 ± 1 47 ± 6 380 ± 40 

UP excitation 0.20 ± 0.02 1.15 ± 0.05 5.3 ± 0.2 38 ± 2 543 ± 40 

Simulation 0.127 ± 0.003 0.78 ± 0.03 4.06 ± 0.06 20.9 ± 0.2 328 ± 3 

 

Global analysis of the simulated data, shown in Figure 5.9c, gives additional evidence for the 

polariton intrinsic nature of the UP to biexciton transition. As the simulated data does not contain 

any polariton intrinsic features, the DADS in Figure 5.9c do not exhibit a red shoulder at 1.05 eV. 

In case of the global analysis of the simulated data, it is however important to note that the TM 

simulation does not include coherent interaction between pump- and probe-pulse. This affects the 

early time delays (Δt < 0.5 ps) and consequently the first decay k1 must be considered with 

caution. For example, the negative feature at the LP position (~ 1.1 eV, Figure 5.9c) is obviously 

an artefact, as a negative signal at the red-flank of the LP is unphysical (compare experimental 

data in Figure 5.7a-d). However, later times are not affected and slower components (k2 - k5, 

Figure 5.9c) can be interpreted safely, which is done in the following. 

Similar to previous reports91, 92, the lifetimes calculated from the k2 to k5 components of the 

simulated data approximately resemble the lifetimes extracted from global analysis of the UP 

excitation data (Table 5.3). As mentioned earlier, the dynamics of the simulated data arise directly 

from SWCNT bleach in the weak-coupling regime. Hence, the timescale covered by k2 to k5 is 
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dominated by the emitter dynamics with regard to the polariton ground state response (compare 

LP feature in Figure 5.9). However, the decay components of the simulated data are consistently 

faster than the decays obtained from experimental data. This suggests, that population exchange 

between dark states or the exciton reservoir, respectively, and bright polaritons is efficient enough 

to slightly delay the overall decay of the polaritons compared to the weakly coupled emitter. This 

hypothesis is taken up in the next section for the interpretation of the UP to biexciton kinetics. 

5.7 Polariton mediated biexciton transition 

In the previous sections, it was shown that strongly coupled SWCNT exhibit a UP to biexciton 

transition in their cavity transient transmission spectra. This transition constitutes a polariton 

excited state transient feature beyond the polariton intrinsic lifetime. In the following, the kinetics 

and efficiency of the polariton mediated biexciton transition are compared to the exciton to 

biexciton transition in weakly coupled SWCNT. 

Figure 5.10a presents the proposed transitions and states based on the discussion in sections 5.5 

and 5.6. In the weak-coupling regime, the SWCNT E22 state is excited by the pump-pulse (brown), 

fast internal relaxation (100 fs) populates the E11 state and the probe-pulse excites excitons into 

the biexciton state (BX). In the strong coupling regime under off-resonant excitation, excitations 

relax from the weakly coupled E22 state to the exciton reservoir or dark states (DS) of the strongly 

coupled E11 state. From there, population is transferred to the UP and excited by the probe-pulse 

to the biexciton (pink). For resonant UP excitation, biexcitons are created immediately at probe-

pulse arrival. LP and ground state (GS) are shown for comparison (blue). Figure 5.10b shows the 

respective normalized time-traces. The data for weakly coupled SWCNTs was taken from the 

transient data of the SWCNT reference film at the exciton to biexciton transition (section 5.3.2) 

and the corresponding data for strongly coupled SWCNTs was taken from the cavity transient 

data at the UP to biexciton transition (section 5.5). For resonant UP excitation, the maximum 

biexciton population is reached at around 60 fs (Figure 5.10b, blue curve). This time corresponds 

to full absorption of the probe-pulse (HWHM ~ 75 fs) and is in agreement with a direct UP to 
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biexciton transition as proposed in the kinetic schematic (Figure 5.10a). For off-resonant E22 

excitation, the biexciton population reaches its maximum at around 130 fs (Figure 5.10b, pink 

curve). The delay between resonant and off-resonant excitation can be attributed to internal 

relaxation and population of the UP. For UP excitation, the biexciton exhibits an ultrafast decay 

within the first 150 fs, whereas this decay is absent for off-resonant E22 excitation. 

 

Figure 5.10 a) Kinetic schematic for polariton mediated biexciton transition. b) Normalized time-

traces of the biexciton absorption of strongly coupled SWCNT by resonant (UP, blue) and off-

resonant excitation (E22, pink) in comparison to the biexciton absorption in weakly coupled 

SWCNT (brown). The global analysis fits are given as solid lines. c) Absolute difference transient 

signal of the data shown in (b) and (c). d) Extended time window for the data shown in (b). 

The ultrafast decay can be associated with polariton population directly injected into the UP, from 

which the biexciton is populated efficiently at early times. However, after 150 fs, considerable 

UP population is lost owing to efficient relaxation into the dark states as inferred from PL 

measurements (see Figure 5.1b). The observed timescale of 150 fs corresponds well with the 
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polariton lifetime during the coherent energy exchange between UP, LP and dark states.186 

Afterwards, the UP to biexciton feature evolves similar to off-resonant E22 excitation, yet, with a 

higher absolute biexciton population (Figure 5.10c). 

Comparing the polariton-mediated biexciton transition to the biexciton transition in weakly 

coupled SWCNTs in Figure 5.10b, shows, that the maximum biexciton population is delayed by 

about 40 fs for the weakly coupled reference. This further underlines the efficiency of the dark 

state to UP coupling, considering that in both cases the excitations have to undergo internal 

relaxation from the E22 to the E11 state. Comparing the absolute signal intensities between cavity 

and reference sample for off-resonant E22 excitation (Figure 5.10c), the biexciton transition can 

be estimated to be three times more efficient than in the weak coupling regime. The comparison 

of the absolute signal intensities further reveals, that by bypassing the dark states under resonant 

UP excitation, the biexciton transition can be increased up to 4-fold. 

Lastly, it should be noted that the situation on the picosecond-timescale is quite different: Whereas 

the rise and decay time on the femtosecond-timescale are faster for the UP to biexciton feature 

than for the corresponding transition in the weak-coupling regime, at later times, the biexciton 

population of the cavity samples decays slower than for the reference (Figure 5.10d). A similar 

observation was made in section 5.6. In the global analysis of experimental and simulated cavity 

transmission spectra, the decay components for the simulation based on the weakly coupled 

emitter were consistently faster than those obtained from the experimental data. It seems therefore 

likely, that the dark states are not merely a sink for excitations, as it appears at the femtosecond-

timescale, in which they drain population from the short-lived bright states, but that these states 

have slightly longer lifetimes than the excited emitter states, as can be seen in Figure 5.10d. This 

is also in line with the cavity fluorescence lifetimes presented in the previous chapter, which were 

slightly longer compared to the reference decays. 
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5.8 Summary and Conclusion 

In this chapter, the ultrafast dynamics of SWCNT exciton-polaritons were presented based on 

transient transmission measurements of metal-clad cavities. By simulating the non-polaritonic 

transient response of the cavities a direct UP to biexciton transition could be identified. Polariton 

to biexciton transitions are known for quantum-well exciton-polaritons at cryogenic 

temperatures,193, 194 under the condition, that the exciton binding energy exceeds the cavity 

normal-mode splitting.193 The large biexciton binding energy in (6,5) SWCNT of 130 meV53 

allowed to observe such a transition for the first time at room temperature and for a cavity sample 

with a Rabi splitting of 80 meV. The polariton-mediated biexciton transition was found to be three 

times more efficient than the biexciton transition in a weakly coupled reference. The polariton 

intrinsic nature of the transition allowed for the demonstration of efficient dark state to UP 

coupling, as the UP to biexciton transition is even observed under off-resonant E22 excitation. At 

the picosecond-timescale, the slow decay of the UP to biexciton feature compared to the weakly 

coupled reference further confirmed the dark state nature of the exciton reservoir. By bypassing 

the dark state dynamics under resonant UP excitation, the biexciton transition could be 

additionally increased by 4-fold compared to off-resonant excitation. The prospect of enhanced 

biexciton formation in strongly coupled SWCNTs, might make them an ideal candidate to study 

correlated many-body states, that are predicted for excitonic molecules in strongly coupled, high 

quality cavities.200 
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6 Spectroscopic photodetectors based on SWCNT exciton-
polaritons 

Strong light-matter coupling changes profoundly the optical properties of the hybridized material 

component, which may be exploited to improve device performance or add new functionalities to 

existing optoelectronic devices. In this chapter, the manipulation of the absorption edge of 

semiconducting SWCNTs by strong light-matter coupling to create tuneable, wavelength-

sensitive photodetectors is presented. By using two metal electrodes in a planar organic 

photodiode structure, a near-infrared (NIR) cavity photon mode is created, that is hybridized with 

the (6,5) SWCNT E11 exciton. The resulting lower polariton band leads to an additional, red-

shifted peak in the external quantum efficiency (EQE) of the photodiode, indicating polariton-

mediated modification of the SWCNT absorption edge. The photodetector concept is applied to 

hybrid-organic PC70BM/SWCNT/P3HT bulk and flat heterojunctions (BHJ and FHJ). By tuning 

the heterojunction thickness, the photodiode operates at application relevant wavelengths up to 

1300 nm, far beyond the E11 absorption. 

Parts of this chapter were published in Mischok et al., J. Chem. Phys. 153, 201104 (2020).27 

Modified reprints are presented with permission of AIP Publishing. This work was carried out in 

collaboration with Andreas Mischok. 

6.1 Introduction 

Over the last two decades, donor(D)–acceptor(A) composites of organic materials have proven to 

be a promising approach for converting light into electrical current, with DA-based organic solar 

cells (OSCs) achieving around 17% efficiency201 and organic photodiodes (OPDs) reaching 

nanosecond response times202. For both device classes, research efforts aim to increase the NIR 

sensitivity, by synthesizing absorber materials with small optical gaps159. For solar cells, this is 
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motivated by the Shockley-Queisser limit, which predicts a maximum power-conversion 

efficiency between 1000 and 1500 nm for single-junction solar cells.203 For photodetectors, the 

NIR is relevant for various applications in optical communication, environmental monitoring, 

biomedical imaging and sensing.158 Although in both device classes inorganic materials generally 

surpass organic materials in lifetime and performance, OSCs and OPDs may excel in terms of 

manufacturing cost161, mechanical flexibility158 or operating temperature204, making them 

commercially interesting. 

Most organic donor–acceptor (D:A) blends of small bandgap compounds typically possess a 

rather broad NIR absorption,205 which is problematic for OSC and OPD devices. For OSC 

devices, this leads to large Urbach energies and a consequently reduced power-conversion 

compared to inorganic NIR absorbers (see Background, section 2.4 for details).26, 164 For OPDs, 

tuneable narrowband absorption is of interest.206 Narrow band low-dimensional materials such as 

monochiral SWCNTs207 or two-dimensional transition metal dichalcogenides (TMDs)208 can be 

used instead of organic materials, as they exhibit a steep absorption edge, however, the absorption 

is fixed to the employed material e.g. a certain nanotube chirality.207 Alternatively cavities can be 

used to modify the absorption of broadband organic absorbers to yield tuneable narrowband 

absorption169, however, the tunability is usually limited by the spectral width of the underlying 

charge-transfer state.209 Strong coupling of cavity integrated OSCs and OPDs to narrow-band 

absorbers is a recent approach, to lift the aforementioned limitations. In strongly coupled OSCs, 

the lower polariton (LP) defines the new absorption edge of the device, exhibiting significantly 

lower Urbach energies than the underlying emitter.26 Furthermore, in strongly coupled devices, 

LP absorption depends on its exciton fraction25 and therefore the tunability is not limited by the 

absorption of a charge-transfer state, as is the case for OPDs based on weakly coupled cavities.209 

A promising platform for light-harvesting in the strong coupling regime are SWCNT-based 

photodiodes167, 210-212, because SWCNTs provide room-temperature stable, low energy excitons 
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with high oscillator strength and their lower polariton branch can be tuned into the telecom-

relevant NIR.40  

In the following, the concept of strongly coupled SWCNT photodetectors is demonstrated for 

photodiodes based on organic bulk and flat PC70BM:SWCNT:P3HT heterojunctions. The light-

matter coupling of the photodiode active layer is characterized by angle-resolved reflectivity 

measurements and evaluated by the coupled oscillator (CO) model. The device performance is 

assessed in terms of EQE and diode behavior. 

6.2 Photodiode and heterojunction design 

Photocurrent generation from polaritons is believed to occur by dissociation of their exciton-

component,25 and hence for conventional OPDs, the heterojunction must be designed to dissociate 

the underlying exciton. Here, that is the (6,5) SWCNT E11 exciton. The ambipolar nature of 

SWCNTs allows for two coupled type II heterojunctions, one for hole and one for electron 

extraction. The molecular structures of the heterojunction materials are given in Figure 6.1a 

together with the respective energy level diagram in Figure 6.1c. For hole extraction, a P3HT-

donor/SWCNT-acceptor junction was employed. The advantage of P3HT (poly[3-

hexylthiophene-2,5-diyl]) is its ability to wrap SWCNTs,213 which enables polymer exchange of 

the insulating PFO-BPy, that is used to select the (6,5) chirality (Experimental, section 3.1.2). 

Here, regio-regular P3HT (rr-P3HT) was employed. Figure 6.1b shows the absorption spectra of 

a film of PFO-BPy wrapped and P3HT wrapped SWCNTs. For both films, free, residual wrapping 

polymer forms a matrix for the SWCNTs. The E11 absorption is red-shifted from 998 nm (PFO-

BPy) to 1020 nm (P3HT) indicating successful substitution, accompanied by a linewidth increase 

of about 10 nm. For electron extraction, a SWCNT-donor/PC70BM-acceptor junction was formed 

by adding PC70BM (3'-Phenyl-3'H-cyclopropa[8,25]-[5,6]fullerene-C70-D5h(6)-3'-methyl 

butanoate) to the SWCNT-P3HT dispersion. 
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Figure 6.1 a) Molecular structures of the heterojunction materials PC70BM, SWCNT and rr-

P3HT and AFM micrograph of the blend film. b) Film absorbance spectra for PFO-BPy wrapped 

(6,5) SWCNTs (black dashed line), P3HT wrapped SWCNTs (purple solid line) and P3HT 

wrapped SWCNTs in a P3HT/PC70BM blend (purple solid line) normalized to the E11 transition. 

The inset shows the spectral area around the E11 exciton resonance. c) Molecular energy levels 

and device stack of the employed p-i-n diode: Polaritons are resonantly excited by near infrared 

(NIR) illumination on the SWNTs, and their excitonic component is dissociated at either the 

SWCNT/PC70BM or SWCNT/P3HT interface. PEDOT:PSS and BPhen:Cs layers serve as hole 

transport and electron transport material, respectively. 

For organic DA heterojunctions the film morphology is crucial. P3HT/PC60BM show a uniform 

phase separation for 50:50 mixtures, which is optimal for device performance, due to a large DA 

interface for charge separation and sufficiently large donor and acceptor percolation paths for 

charge extraction.214 Here, the film morphology for PC70BM:SWCNT:P3HT blends was found to 

be optimal for a 3:4 P3HT:PC70BM composition with 1.4 wt% SWCNT in chlorobenzene. AFM 

micrographs show moderate PC70BM-aggregation (circular structures with 20-40 nm diameter) 
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with SWCNTs penetrating the entire film (Figure 6.1a). This composition also provides smooth 

and homogeneous films, whereas higher SWCNT concentrations (5 wt%) yielded rougher films 

compromising the cavity quality (for a detailed description see Experimental, section 3.1.2). For 

the full blend, the E11 absorption is only slightly shifted (1022 nm) upon addition of PC70BM, 

whereas the linewidth remains unchanged compared to the SWCNT:P3HT film (Figure 6.1b). 

Lastly, P3HT and PC70BM exhibit only weak absorption around 1000 nm, i.e. the E11 transition, 

which is beneficial for strong light-matter coupling to the SWCNT exciton. 

Evaporated layers of gold (Au) and silver (Ag) were used as anode and cathode, respectively. The 

electrodes also function as cavity mirrors for the photodiode, forming a so-called strong cavity. 

For the reference diodes, the Ag mirror was replaced by transparent indium tin oxide (ITO), 

forming a so-called weak cavity. To improve energy level alignment with electrodes and mirrors, 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was used as hole 

transport layer and cesium (Cs) doped bathophenanthroline (BPhen:Cs) as electron transport layer 

(Figure 6.1c). A detailed description of the device fabrication can be found in Experimental, 

section 3.1.4. The resulting photodetector can be considered to be a p-i-n diode with the ambipolar 

SWCNT representing the intrinsic layer (i). 

6.3 Strongly coupled heterojunctions 

In this section, the light-matter coupling of the strong cavity diode is compared to the weak cavity 

reference diode. The cavity tuning is given by the distance between the electrodes or mirrors, 

respectively, which is controlled by the thickness of the heterojunction layer, while the hole 

transport layer (HTL) and electron transport layer (ETL) are kept constant. To assess the light-

matter coupling of the SWCNTs within the bulk heterojunction formed by the 

PC70BM/SWCNT/P3HT blend, angle-resolved reflectivity spectra of the photodetectors were 

recorded. 
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Figure 6.2a shows the reflectivity data collected for a weak cavity. The cavity is formed by a 

100 nm Ag and a 90 nm ITO electrode. One dispersionless mode around 1.22 eV is observed 

matching the SWCNT E11 absorption line of the blend around 1020 nm (dashed black line, 

Figure  6.2a) and indicating weak light-matter coupling. By exchanging the ITO electrode with a 

25 nm Au contact, the cavity quality is increased (Q = 22, Figure 6.2b). Two dispersive modes 

arise with a characteristic splitting at the exciton energy, indicating strong light-matter coupling 

(Figure 6.2b). The lower mode is attributed to the LP (dashed, white line) and the upper mode to 

the UP (dashed, yellow line). Upon increasing the blend layer thickness from 160 to 205 nm, the 

minimum energy of the LP shifts to lower energies (Figure 6.2c), with the UP becoming fainter 

and dispersionless (exciton-like) and the LP becoming stronger and more dispersive (photon-

like). Note that the quality of the reflectivity data shown here is lower compared to the data 

presented in previous chapters. This can be attributed to the lower homogeneity of the blend film 

compared to SWCNTs in a PFO-BPy matrix, owing to phase separation between PC70BM and 

P3HT in the blend. In all data sets, a set of narrow, faint modes is observed. This is caused by a 

cavity formed by the 1 mm glass substrate. The data in Figure 6.2a and b can be fitted with the 

CO-model, yielding the underlying cavity modes (solid grey line), the effective refractive index 

(neff ≈ 2.05) and the Rabi splitting (ħΩ ≈ 68 meV). The refractive index is significantly higher 

than the RMS value of the employed cavity material refractive indices 

n(BPhen:CS/Blend/PEDOT:PSS) ≈ 1.7. However, it matches the refractive index of the blend at 

respective cavity energies nBlend(1020-1180 nm) ≈ 1.95, indicating that the blend dominates the 

linear optical response within the cavity. The full linear optical properties of the blend can be 

found in Appendix, section 8.2.1. The exciton fraction of the LP is 60 % for the thin blend layer 

and 5 % for the thick blend layer, as extracted from the CO-fit. With this, the cavity enhanced 

diodes meet the prerequisite of strong coupling and exhibit reasonably large exciton fractions for 

the LP. In the next section, the EQE and diode behavior of the strongly coupled OPDs is assessed. 
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Figure 6.2 Angle-resolved reflectivity of a PC70BM/SWCNT/P3HT bulk heterojunction (BHJ). 

a) For a reference device in a weak Ag-ITO cavity, b) for a strongly coupled photodiode in an 

Ag-Au cavity with a thin heterojunction layer and c) with a thick heterojunction layer. The sample 

structure is shown above each data set. The dark grey layer represents the Ag electrode, the light 

blue layer the Bphen:CS film, the brown layer the heterojunction blend and the light purple layer 

the PEDOT:PSS film. The blend layer thickness was calculated from a CO-fit to the experimental 

data. Dashed black lines indicate the exciton energy, grey solid lines give the cavity mode, dashed 

yellow lines show the upper and dashed white lines the lower polariton modes obtained from the 

CO-fit. 

6.4 Tunable, strongly coupled photodetectors 

In this section, photocurrent generation beyond the intrinsic SWCNT E11 absorption in strongly 

coupled photodiodes is investigated. The photodiodes are characterized in terms of their EQE 

around the SWCNT E11 absorption and their diode behavior. To tune the LP absorption, the 

natural wedge of the blend layer along the sample is exploited. Each sample structure contains 8 

diode pixels, of which the center pixels comprise a large blend layer thickness and the outer pixels 

a small blend layer thickness. The data obtained for the cavity diodes is compared to a weakly 

coupled reference sample. A sketch of the sample structures is given in Figure 6.3. 
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Figure 6.3a depicts the EQE curves in the NIR, measured on 3 different pixels of a cavity sample, 

each corresponding to a different blend layer thickness (solid lines). The curves are color coded 

to indicate the J-V curves for the respective pixel given in Figure 6.3b (see Experimental, 

section 3.3.2). The grey shaded area represents the EQE of three different pixels of a reference 

device with a blend layer of similar thickness. The EQE was collected under monochromatic light 

illumination without external bias (see Experimental, section 3.3.2). The modification of the 

SWCNT band edge should occur for negative detunings with the lower polariton being red-shifted 

with respect to the exciton. For the devices shown here, this should be the case for a thick blend 

layer (185-230 nm, center pixels Figure 6.3b). 

In Figure 6.3a, two distinct EQE maxima are observed for the cavity diodes in the NIR region, 

whereas all reference diodes exhibit only one maximum around the SWCNT E11 absorption at 

1022 nm (figure 6.3a, black arrow). The low energy EQE maxima of the cavity sample are shifted 

to higher wavelengths with increasing blend layer thickness (compare sample schematic in 

Figure 6.3b). This indicates that low energy EQE maxima arise from the LP mode. As the EQE 

maxima represent an increase of electrical charge generation, this is evidence for photocurrent 

generation from the LP. The high energy EQE maximum of the cavity sample coincides with 

reference E11 EQE peak and is most likely produced by uncoupled SWCNTs. The UP mode 

strongly overlaps with the E11 exciton (compare Figure 6.1c) and therefore cannot be 

distinguished from the E11 EQE peak with certainty. Note that due to the semi-transparent Au 

mirror and the distribution of SWCNTs throughout the blend, a high E11 contribution of uncoupled 

SWCNTs to the cavity EQE is expected. 

The weakly coupled reference exhibits measurable EQE on the red flank of the E11 transition, 

which can be attributed to (6,5) SWCNT trions and impurities such as (10,5) SWCNTs 

(Figure 6.3a, grey arrows). These impurities, especially the trion, also contribute to the EQE of 

the strongly coupled photodiodes (e.g. broad peak of the red curve at 1160 nm, Figure 6.3a). 
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Figure 6.3 Device characteristics of strongly coupled photodetectors based on a 

PC70BM:SWCNT:P3HT bulk heterojunction (BHJ). a) NIR-EQE of strongly coupled 

photodiodes (solid curves) in comparison to weakly coupled reference diodes (grey shaded area). 

The exciton fraction is indicated as black dashed line. b) J-V curves of the photodiodes depicted 

in (a) without illumination. On the top, the device structure is indicated with a top-view image to 

illustrate the pixel positions. The increasing blend layer thickness is represented by darker brown 

values. 

Although the absolute EQE values for all photodiodes are low,207 the EQE spectra clearly support 

tunable modification of the SWCNT absorption edge by strong coupling. The LP EQE closely 

follows the exciton fraction (Figure 6.3a, black dashed line), confirming the previously made 

assumption, that the charge generation is connected to the exciton content of the polaritons.25 This 

indicates, that extension of the absorption edge by strong coupling towards longer wavelengths 

becomes increasingly inefficient. Nevertheless, strongly coupled photodiodes should be able to 

operate further away from the intrinsic absorption than weakly coupled, cavity enhanced 

photodiodes, in which the efficiency scales directly with the underlying absorption170, because the 
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exciton fraction decreases slower with increasing wavelength than the intrinsic SWCNT 

absorption (compare black dashed line to reference EQE spectra, Figure 6.3a). 

An important device characteristic for photodiodes is the dark-current under reverse bias (see 

Background, section 2.4 for details). Figure 6.3b depicts the J-V curves of the photodiodes 

recorded without illumination. The zero bias dark current density of the reference device is 

comparable to values reported for P3HT:PC71BM diodes, whereas the dark current density is more 

than one order of magnitude higher for the cavity diode.215 There are indications, that the dark 

current in fullerene-polymer OPDs may be dominated by hole current.216 Hence, the reduced 

barrier for holes at the HTL/Au interface of the cavity diode compared to the HTL/ITO interface 

of the reference device, might be the cause for the increased dark current. 

Under reverse bias, all diodes exhibit high current densities and do not compare well to SWCNT-

free OPDs.215, 216 Potentially, this is connected to SWCNTs bridging the HTL and ETL across the 

BHJ layer, as SWCNT-based photodiodes with FHJ layers, in which the SWCNTs are 

predominantly oriented parallel with respect to the electrodes, exhibit significantly lower dark 

currents under reverse bias.167 Under forward bias, the dark currents are comparable to SWCNT-

containing OSC,207, 217 which suggests that the bulk heterojunction device architecture is more 

suitable for photovoltaic applications. 

In conclusion, the EQE spectra clearly show modification of the absorption edge of the (6,5) 

SWCNT by strong coupling enabling the generation of photocurrent up to 300 nm beyond the 

original E11 absorption, however with low absolute EQE values. The device performance, 

especially with regard to the revers bias dark current, is inferior to previously published SWCNT-

free P3HT:PC71BM devices.215 In the next section, an alternative device structure is presented, 

employing a FHJ, that should reduce the negative impact of the SWCNTs on the diode behaviour 

and optimize the system for spectroscopic photodetection. 
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6.5 Strongly coupled flat heterojunction photodiodes 

In order to create PC70BM:SWCNT:P3HT FHJ, the active layer components were spin-coated 

subsequently on top of each other from orthogonal solvents (see Experimental, section 3.1.4 for 

details). This enables the use of higher spin-speeds for the individual layers, which should reduce 

the amount of SWCNTs protruding from the laterally oriented network. The final PC71BM layer 

is meant to further flatten the SWCNTs and prevent direct contact to the ETL. However, 

subsequent spin-coating of three layers increases the surface roughness. Especially because the 

SWCNTs were spin-coated from toluene, in which P3HT is still partly soluble. Since the ETL 

and Ag mirror were evaporated, the roughness of the active layer could not be reduced in 

following layers. An illustration of the device structures is given on the top in Figure 6.4. 

In the following, the optical and electrical device characteristics of strongly coupled 

photodetectors based on an FHJ and a BHJ layer will be compared. Figure 6.4a depicts the angle-

dependent reflectivity spectrum of an FHJ cavity photodiode. As in the case of the BHJ, the 

spectra show splitting of the cavity mode into UP and LP, verifying strong coupling for the FHJ. 

Fitting the data with a CO-model reveals an even larger Rabi-splitting of 123 meV. This can be 

attributed to the increased SWCNT concentration at the field maximum of the cavity. The larger 

Rabi splitting leads to an increased exciton fraction of the LP for the same detuning compared to 

the BHJ. However, the modulation depth of the polariton modes is reduced by about 50% and the 

Q-factor based on the LP is reduced to QFHJ = 15. Both can be attributed to the increased film 

roughness of the FHJ and hence, reduction of the top mirror reflectivity. In Figure 6.4b, the EQE 

data of a cavity diode comprising an FHJ is presented (blue curve). Compared to the BHJ (brown 

curve), the EQE is increased about 3-fold. Potentially, this is caused by separating the exciton 

generation within the SWCNT from the exciton dissociation at the PC70BM:SWCNT and 

SWCNT:P3HT interfaces. However, the EQE of the weakly coupled absorption is increased as 

well, resulting in less clearly resolved polariton EQE peaks as compared to the BHJ. This can be 

attributed to the decreased modulation depth of the polariton modes as observed in the device 
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reflectivity. Figure 6.4c shows the diode behaviour of the FHJ in comparison to the BHJ. Indeed, 

the dark current under reverse bias is reduced by one order of magnitude for employing the FHJ. 

However, it is still two orders of magnitude above values reported for state of the art OPDs216 

without SWCNTs. 

As shown above, it was demonstrated that strongly coupled photodiodes based on FHJs improve 

the absolute EQE and diode behavior compared to BHJ photodiodes based on the same materials. 

However, the cavity quality is reduced by the increased layer roughness, which might also 

explain, why the device performance still remains below state of art OPDs. 

 

Figure 6.4 Comparison of strongly coupled photodetectors based on a flat heterojunction (FHJ) 

vs. a bulk heterojunction (BHJ). On the top, the corresponding device structures are indicated. a) 

Angle-resolved reflectivity of a cavity diode based on an FHJ. b) NIR-EQE of strongly coupled 

photodiodes based on an FHJ and BHJ (solid curves) with same detuning. The EQE of weakly 

coupled reference diodes (grey shaded area) is given for comparison. b) J-V curves of the 

photodiodes depicted in (a) without illumination. 
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6.6 Summary and conclusion 

In summary, strong coupling can be used to manipulate and extend the absorption edge of 

photodiodes further into the NIR. The LP EQE approximately follows the exciton fraction, 

confirming previously made assumptions on the photoinduced charge generation from exciton-

polaritons.25 Employing strongly coupled SWCNTs, that possess excitons with narrow absorption 

bands in the NIR and large oscillator strengths, the absorption edge could be extended up to 

unprecedented 1300 nm for strongly coupled photodiodes25, 26 and far beyond the intrinsic 

nanotube band edge. 

Strongly coupled photodiodes were demonstrated for BHJ and FHJ active layers based on a hybrid 

organic PC70BM:SWCNT:P3HT system. The BHJ cavity photodiodes exhibit excellent tunability 

and reasonable quality factors considering the low reflectivity metal mirrors used to form the 

cavity. The dark current under reverse bias is inferior compared to state of the art SWCNT free 

OPDs215, 216, but comparable to state of the art SWCNT based OSCs207, 217, indicating that a BHJ 

active layer is more suitable for photovoltaic applications. Improving the energy alignment of the 

electron side of the device using a Ca layer and Al cathode layer could enable performances equal 

to state of the art SWCNT based OSCs207 with extended NIR absorption. This approach may 

reduce the zero bias dark current as well.216 However for spectroscopic photodiodes, the lower Al 

reflectivity would have to be compensated by an additional mirror, to retain the LP linewidths 

presented here. Spectroscopic photodiodes, based on an FHJ layer may be more promising. For 

the FHJ layer EQE and dark currents under reverse bias are significantly improved and therefore 

the specific detectivity should be increased compared to the BHJ devices (see Background, 

section 2.4 for details). For strongly coupled FHJ photodiodes, the probability of SWCNTs 

bridging the ETL and HTL is reduced, which is supposedly the major reason for the high dark 

currents under external bias compared to SWCNT free OPDs.215, 216 To improve the FHJ device 

performance further, the active layer roughness and film homogeneity has to be improved. This 

could either be achieved by optimizing the orthogonal solvent system for the three sequential 
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spin-coating steps or by adapting the device stack to C60 as an acceptor material, which can be 

evaporated. 

In conclusion, strong light-matter coupling can be a viable route to extend the absorption of OPDs 

further into the NIR, circumventing the lack of suitable organic absorbers. Although, this 

approach is limited at very large detunings by the low exciton fraction, using larger diameter 

SWCNTs may enable reasonably large EQEs above 1300 nm. 
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7 Conclusion and Outlook 

At the start of this thesis, SWCNTs had been established as an excellent material for strong light-

matter coupling.40-45, 56 However, in contrast to other disordered semiconductors, including small 

organic molecules7, 13, 14, conjugated polymers15, 16 and fluorescent proteins17, 18 as well as other 

nanomaterials, such as transition metal dichalcogenides218 or 2D perovskites219, polariton 

condensation has not been observed for SWCNTs yet. This raised the question on how SWCNT 

exciton-polaritons are populated. Exploring the population mechanisms and dynamics between 

emitters and exciton-polaritons is indeed of general interest to the field of room-temperature 

polaritonics. So far, there are only a few experimental studies on the exciton-polariton dynamics 

in disordered semiconductors, concerning both emissive57, 80, 86, 87, 220 and non-emissive states91-93, 

186-189, 221, 222. Especially the lack of a comparative study of the polariton fluorescence dynamics 

testing multiple different proposed mechanisms, underlines the need for more systematic 

investigations. 

In this thesis polymer-sorted (6,5) SWCNT were used for the first comparative study of 

population mechanisms in exciton-polaritons, establishing radiative pumping as the dominant 

mechanism for strongly coupled SWCNTs and using luminescent sp3 defects to increase the 

polariton population (Chapter 4). A polariton-mediated biexciton transition was identified by 

ultrafast pump-probe experiments (Chapter 5) and strongly coupled, tunable SWCNT 

photodetectors were realized (Chapter 6). 

SWCNTs possess diverse photophysics offering the possibility to investigate the influence of 

different material properties such as phonons or defects on the same polaritons created from the 

fundamental exciton. Owing to this advantage, SWCNT exciton-polaritons could be shown to be 

pumped radiatively and other processes, such as population by scattering with phonons, could be 
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excluded. The SWCNT polariton population is limited by the low SWCNT PLQY, most likely 

impeding polariton condensations at high-excitation densities. This limit could be overcome by 

functionalizing the SWCNTs with luminescent sp3 defects, leading to a population increase up to 

10-fold for highly emissive detunings (photon fractions > 90 %). By changing the substituents 

and the binding pattern, tuning of the defect emission could be further employed to access 

application-relevant NIR wavelengths. In summary, luminescent sp3 defects constitute a viable 

and versatile approach towards bright and efficient SWCNT-based polariton devices through 

radiative pumping. 

With these findings, the prospect of polariton condensation in SWCNT can be assessed. Although 

radiative pumping limits the polariton population to the PLQY of the emitter, polariton 

condensation has been shown for a small organic molecule13, for which radiative pumping was 

observed and that possessed a moderate PLQY of around 15 % in film80. Future experiments on 

strongly coupled sp3-functionalized SWCNTs in high quality cavities can show whether polariton 

condensation is possible for SWCNTs with increased PLQY (~ 2 % in film). For this however, 

not only the increase in PLQY is important, but also the absence of photo-induced species at the 

defect emission wavelength, that lead to additional absorption at high pump-fluences. For the E11* 

transition transient generation of trions is believed to reduce emission efficiency at high-

fluences.223 Hence, targeting the red-shifted E11*- configuration should be most promising.51 

The non-polaritonic transient cavity response caused by the pump-induced SWCNT bleach was 

modeled using TM simulations and fitted to the experimental data by a genetic algorithm. This 

enabled identification of an absorptive feature, which was shown to be a direct UP to biexciton 

transition. So far, this transition had been only observed for inorganic semiconductors at 

cryogenic temperatures193. The biexciton transition efficiency was shown to be increased three 

times compared to weakly coupled SWCNTs and could be increased further up to fourfold under 

resonant UP excitation, effectively bypassing the dark state dynamics. The observation that a UP 

to biexciton transition exist even under off-resonant excitation of the underlying SWCNT can be 
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taken as evidence for fast population transfer from the dark states to the UP polariton beyond the 

exciton and photon dephasing times. The efficient biexciton transition of strongly coupled 

SWCNT may enable to study correlated many-body states at room temperature, that are predicted 

for excitonic molecules in strongly coupled high quality cavities.200 

For the study of ultrafast dynamics of exciton-polaritons, the major hurdle is the dominance of 

non-polaritonic effects in the cavity transient transmission and reflectivity spectra.176, 184 In 

absence of a polariton intrinsic transition, such as the UP to biexciton feature, the one-dimensional 

transient spectra contain no direct information on the polariton transient absorption. This problem 

could be overcome by carefully referencing the different contributions of the non-polaritonic 

cavity response in experiment to achieve a small uncertainty of the fitted TM simulation. 

Alternatively, the transient transmission and reflectivity could be measured simultaneously. Both 

methods would then allow to calculate the full polariton transient absorption spectrum. These data 

on ultrafast dynamics of non-emissive states is relevant to many other applications of strong light-

matter coupling, such as photocurrent-generation25-27 and spin conversion28-32, with the latter one 

remaining to be explored for strongly coupled SWCNTs. 

SWCNTs are also a promising material for light-harvesting in the NIR, due to their high oscillator 

strength and carrier mobilities.204, 207, 217, 224, 225 For such applications, strong light-matter coupling 

can be used to tune the absorption further into the NIR25 and reducing the Urbach energy in 

solarcells26. Strongly coupled photodiodes based on a hybrid organic PC70BM:SWCNT:P3HT 

active layer were presented. Although, the photodiode dark currents were found to be very high 

(up to 1 mA cm-2 under reverse bias), shifting the SWCNT absorption edge up to 1300 nm into 

the NIR was demonstrated, a value unprecedented for strongly coupled photodiodes25, 26. Higher 

EQE values and lower dark currents were achieved for devices based on a flat heterojunction, 

with the SWCNTs sandwiched between the PC70BM and P3HT layer. This in combination with 

an improved energy alignment of electrodes, charge transport layers and active layer materials, 

may improve strongly coupled SWCNT photodiodes to reach state-of-art performance. 
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In summary, this work demonstrates the complexity but also versatility of strongly coupled 

SWCNTs in terms of studying polariton dynamics as well as their potential for device application. 

Furthermore, this thesis emphasizes the importance of time-resolved spectroscopy on exciton-

polaritons and its limitations.  By overcoming the challenges highlighted above, SWCNT exciton-

polaritons may become a candidate for real-world applications of hybrid light-matter particles. 
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8 Appendix 

This chapter shows additional calculations and data for Chapters 4 and 6 in order of appearance. 

8.1 Chapter 4 

8.1.1 LP emission as a function of detuning for scattering with acoustic 

phonons 

In the following, the kinetic model developed by Litinskaya et al.98 for J-aggregates is used, to 

describe polariton population by scattering with acoustic phonons in the case of a microcavity 

containing a strongly coupled SWCNT network (see Chapter 4, section 4.4 for a justification). 

From this, an expression is derived that gives the change in polariton emission intensity as a 

function of detuning for population by acoustic phonon scattering. 

Following Litinskaya et al.98, a three-state kinetic model is assumed, in which the exciton 

reservoir population 𝑁ER, is injected by a pump term 𝑃 and population is scattered into the UP 

and LP polariton states by absorption or emission of a localized vibrations, where 𝑛𝑣 is the phonon 

thermal population. In case of a SWCNT network, the vibrations would be the acoustic phonons 

localized by disorder. For simplicity, a continuum of phonons is assumed. Note that the density 

of states of delocalized acoustic phonons on the single SWCNT level exhibit singularities180, that 

would lead to characteristic progression of PL intensity spikes, which is not observed (compare 

Chapter 4, section 4.3). The rate equations are 

𝑑𝑁ER

𝑑𝑡
 = 𝑃 −  𝑊LP𝑁ER(𝑛𝑣 + 1) −  𝑊UP𝑁ER𝑛𝑣, (55) 

𝑑𝑁UP

𝑑𝑡
 = 𝑊UP𝑁ER𝑛𝑣 −  𝛾UP𝑁UP, (56) 
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𝑑𝑁LP

𝑑𝑡
 =  𝑊LP𝑁ER(𝑛𝑣 + 1) −   𝛾LP𝑁LP, (57) 

where 𝛾LP/UP is the polariton radiative decay and 𝑊LP/UP are the scattering rates for LP and UP. 

In steady state, the UP and LP populations reduce to 

𝑁UP =
𝑊UP

𝛾UP
𝑁ER𝑛𝑣 , (58) 

𝑁LP =
𝑊LP

𝛾LP
𝑁ER(𝑛𝑣 + 1). (59) 

The vibrational quanta 𝑛𝑣 introduce the temperature dependence of the polariton emission and 

they can be treated as a temperature dependent constant given by the UP/LP intensity ratio 

𝐶(𝑇) =
𝐼UP

𝐼LP
∝

𝑛𝑣

(𝑛𝑣 + 1)
= e−ℏω/kT. (60) 

Litinskaya et al.98 derived an explicit expression for 𝑊LP/UP 

𝑊LP/UP =
𝐷LP/UP(𝑘)|𝛽LP/UP|

2

𝑁𝑎𝑔𝑔
𝑂𝑖,𝐼

(𝑒𝑥−𝑝𝑜𝑙)
𝑊𝑎𝑔𝑔(∆𝐸), (61) 

where 𝛽LP/UP is the exciton fraction, 𝑂𝑖,𝐼
(𝑒𝑥−𝑝𝑜𝑙)

  is the overlap the overlap between the i-th exciton 

of I-th aggregate and polariton state. For SWCNTs that is equivalent to the i-th exciton of the I-

th nanotube. In the following, the distribution function of these states is considered and the indices 

are dropped. 𝐷LP/UP(𝑘) is the density of polariton states. 𝑊𝑎𝑔𝑔 is an empirical function for the 

scattering rate in J-aggregates, that selects local vibrations that fulfill the energy conservation 

condition ∆𝐸 for a scattering event from the i-th exciton of I-th aggregate into a polariton state. 

For a continuum of phonons, 𝑊𝑎𝑔𝑔  has no detuning dependence. For a sufficiently small region 

around k || = 0, it can be assumed that 𝐷LP/UP(0) is constant with detuning. Together with the 

expressions for polariton decay 𝛾LP/UP 
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𝛾LP/UP =
𝛾𝐶

|𝛼LP/UP|
2 (62) 

and using the relationship 𝐼 ∝ 𝑁LP/UP|𝛼LP/UP|
2
, the detuning dependence of the PL intensity 

𝐼LP/UP(∆) can be written as 

𝐼𝐿𝑃/𝑈𝑃(∆) ∝
|𝛽LP/UP|

2

𝛾𝐶
𝑂(𝑒𝑥−𝑝𝑜𝑙)(∆). (63) 

By measuring the PL intensity 𝐼𝐿𝑃
0  at k || = 0 of a detuning for which the population contributions 

from vibrationally assisted scattering or radiative pumping are small, the LP emission intensity 

𝐼LP(∆) for other detunings relative to 𝐼𝐿𝑃
0  can be calculated by 

𝐼LP(∆) =
|𝛽LP|2

𝛾𝐶
𝑂(𝑒𝑥−𝑝𝑜𝑙)(∆)

𝐼𝐿𝑃
0

𝑃0
, (64) 

𝑃0 =
|𝛽𝐿𝑃

0 |
2

𝛾𝐶
𝑂0

(𝑒𝑥−𝑝𝑜𝑙)
, (65) 

where 𝑃0 corrects 𝐼𝐿𝑃
0  for contributions of other population mechanisms at the reference detuning. 

The calculation is done for the oxide spacer metalclad cavities based on the data shown in 

Figure  4.5a of Chapter 4. |𝛽LP|2 can be extracted from the CO fit to the reflectivity data. For 𝐼𝐿𝑃
0  

the area of a Lorentzian-fit to the experimental LP emission at ∆= −355 meV is used. To 

calculate the other relative PL intensities, the Lorentzian amplitude was scaled by equation (10). 

Linewidth and LP positions were extracted from the respective reflectivity data, to account for 

the broadening of the polariton states close to the exciton. The overlap between polariton branches 

and exciton reservoir was approximated by the overlap between the polariton mode in reflectivity 

and an area of the same sample without top mirror. The results are shown in Figure 4.5b of 

Chapter 4. 
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8.1.2 Estimate of mean exciton distance 

In the following, the mean SWCNT exciton density for fluorescence decay measurements is 

estimated in order to calculate the VAS rate. The samples were excited at the E22 transition 

(575 nm) with pulsed laser light (20 MHz, ~6 ps pulse width). The average laser power was 

~100 µW corresponding to 1.4×107 photons per pulse. The E22 absorption in film was determined 

to be ~0.15 for the pristine and ~0.1 for the functionalized, corresponding to ~29 % and ~21 % 

absorption of incident photons. For simplicity, the average value is used to describe VAS for 

functionalized and pristine SWCNTs. The E22 to E11 conversion efficiency was found to be around 

91 %.226 However, complete E22 to E11 conversion takes about 5 ps and consequently E11 excitons 

can already diffuse to quenching sites or sp3 defects and do not lead to VAS on the timescale of 

the fluorescence lifetime measurement.110 Therefore, only the fraction of freely diffusing excitons 

is regarded. This fraction can be estimated via the absolute PLQY of the pristine film (~0.2 %). 

Accounting for the aforementioned, 6.4·103 of the excitons created per pulse could contribute to 

VAS. The excited volume is estimated from the excitation spot diameter of ~2 µm and the 

SWCNT film thickness of ~80 nm, yielding 10-12 cm3 and the corresponding exciton density is 

6.4·1015 cm-3. From this, the mean exciton distance can be approximated by the Wigner-Seitz 

radius, assuming that the SWCNT are homogeneously distributed throughout the polymer matrix, 

which yields 155 nm. The uncertainty of the mean exciton distance mainly arises from the 

uncertainty in exciton density due to fluctuations of the laser pulse power and the excitation spot 

diameter. 

8.1.3 Polariton fluorescence decay lifetime in the limit of VAS 

The scattering rate for vibrationally assisted scattering 𝑊VAS in the adiabatic approximation is 

adapted for SWCNTs in metalclad cavities is adapted in the following and given by98 

𝑊VAS = (
𝑎

𝐿c
)

3 π2𝑔2(𝛺/2)2𝐸c(𝑘0
2)

ℏ𝐸𝑐
2(0)

= 1/𝜏VAS, (66) 
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where the mean distance between molecules (𝑎) was exchanged with the mean distance of 

excitons in SWCNTs (155 nm, see previous section for details). The cavity length was 

approximated by 𝐿c =
𝜆res

2𝑛eff
, where 𝜆res is the resonant wavelength and 𝑛eff is the cavity effective 

refractive index. For the dimensionless exciton-phonon coupling constant 𝑔 the value for the G 

phonon was used (𝑔𝐺 = 0.9).227 The coupling constants for the remaining SWCNT optical phonons 

were only determined theoretically, but should have comparable magnitudes to 𝑔𝐺.7 To simplify 

the calculation, the existence of an optical phonon with suitable energy for every cavity detuning 

is assumed and 𝑔𝐺 is used as the coupling constant. 𝐸c(𝑘0
2) is the cavity energy at 𝑘|| =  𝑘0, at 

which the optical phonon with energy 𝐸vib matches the energy difference between exciton 

reservoir and LP ∆𝐸 = 𝐸X − 𝐸LP(𝑘0
2). 𝐸𝑐(0) is the cavity energy at 𝑘|| =  0. The cavity 

parameters and Rabi splitting ℏ𝛺, are taken from cavity data presented in Figures 4.3, 4.4, 4.10 

and 4.11 in Chapter 4. With these values the lifetime is calculated to vary between 𝜏VAS ≈ 90 −

500 fs, depending on the cavity detuning. The results are shown in Figure 4.7 for pristine and 

Figure 4.14 for functionalized SWCNTs in Chapter 4. 

8.1.4 Excitation efficiency correction for population analysis 

Due to a shift of the cavity λ-mode at visible wavelengths, the excitation efficiency inside the 

oxide spacer cavities changes strongly with detuning. In order to correct for the change in 

excitation efficiency, the electric field intensity inside each structure was simulated for the 

wavelength of the excitation laser (640 nm). The spectral shape of the laser was neglected, as the 

laser linewidth (±2 nm) was small compared to the cavity resonance (±9 nm). The electric field 

was simulated using the TM scheme (Background, section 2.1.2). The mode positions of the 

experimental reflectivity data were matched by adjusting the SWCNT thickness, while keeping 

the mirror and oxide spacer thicknesses fixed. With this, the overlap between electric field and 

active layer was calculated (Figure A8.1) and normalized to the smallest field overlap (1.83) to 
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obtain the correction factors (Chapter 4, Figure 4.16b). The uncertainties of the correction factors 

were determined as described in the following. 

The simulation input with the highest uncertainty is the SWCNT layer thickness. This uncertainty 

is given by the standard deviation of the change in SWCNT layer thicknesses (1.8 nm) used to 

match the TM simulation to the experimental data. This to an error in the LP position of the 

correction factors, because the correction factors are mapped to the sample using the nominal 

spacer thickness (thSpacer). Furthermore, close to the λ mode, even a small change in SWCNT layer 

thickness leads to a considerable change in excitation efficiency. To account for both effects, the 

standard deviation of the SWCNT layer thickness (thSWNCT) was weighted with the slope of a 

Bézier interpolation of the correction factors (Chapter 4, Figure 4.16b): 

𝛥(𝑡ℎ𝑆𝑊𝐶𝑁𝑇) = 𝑆𝑇𝐷(𝑡ℎ𝑆𝑊𝐶𝑁𝑇) ∙ (1 + 100 ∙ |
𝜕BézierInterpol.

𝜕𝑡ℎ𝑆𝑝𝑎𝑐𝑒𝑟
|). (67) 

This error can be converted to the error in LP position as follows: Firstly, the optical cavity length 

(thcav) in TM-polarization is calculated for the strongly coupled λ/2 mode (assuming the refractive 

indices n to be constant for the spectral range in question) with 

𝑡ℎ𝑐𝑎𝑣 = (𝑡ℎ𝑆𝑊𝐶𝑁𝑇 ∙ 2 ∙ 𝑛𝑆𝑊𝐶𝑁𝑇,𝑇𝑀) + (𝑡ℎ𝑠𝑝𝑎𝑐𝑒𝑟 ∙ 4 ∙ 𝑛𝑆𝑝𝑎𝑐𝑒𝑟,𝑇𝑀). (68) 

Next, the error with respect to the uncertainty in SWCNT thickness is calculated by 

𝛥𝑡ℎ𝑐𝑎𝑣 = (𝛥𝑡ℎ𝑆𝑊𝐶𝑁𝑇 ∙ 2 ∙ 𝑛𝑆𝑊𝐶𝑁𝑇,𝑇𝑀). (69) 

Using error propagation, the uncertainty is converted from wavelength to energy units 

𝛥𝑡ℎ𝑐𝑎𝑣[𝑒𝑉] = (ℎ𝑐/𝑡ℎ𝑐𝑎𝑣²) ∙ 𝛥𝑡ℎ𝑐𝑎𝑣 . (70) 

Additionally, the correction factor has an uncertainty, owing to the assumptions made in the 

beginning of this section. The error is estimated heuristically by the difference of B-spline 

interpolation of the correction factors (Chapter 4, Figure 4.16b). This measure accounts for the 
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fact, that the error of the correction factor should by higher for a strong change in overlap, owing 

to the error in LP position. 

 

Figure A8.1. Electric field intensity simulated for different stack positions in cavities with pristine 

(blue) and functionalized SWCNTs (red). Black solid lines indicate the position of the SWCNT 

layer. The integral of the electric field intensity within the SWCNT layer was yielded the overlap.  
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8.2 Chapter 6 

8.2.1 Linear optical properties of the PC70BM/SWCNT/P3HT blend 

 

Figure A8.2. Refractive index (n) and extinction coefficient (k) of the PC70BM/SWNT/P3HT 

mixed layer modelled from spectroscopic ellipsometry on polished silicon using Lorentzian 

lineshapes. The average refractive index is approximately 1.8 in the NIR. The exact spectrum 

might vary slightly depending on the blend composition for the different devices shown. Data 

was modelled by Dr. Andreas Mischock.  
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