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C HAPTER 1
I NTRODUCTION : O RGANIC
S EMICONDUCTORS , P LASMONIC
C AVITIES AND L IGHT-M ATTER
C OUPLING
In this chapter we explain the motivation of the research and give a general
introduction on the topic. We proceed with an overview of underlying physical
principles of strong light-matter coupling with organic materials. We will discuss
organic semiconductors, the resonances supported by plasmonic nanoparticle
arrays and strong light matter coupling. The chapter ends with an outline of the
thesis.
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1 Introduction: Organic Semiconductors, Plasmonic Cavities and Light-Matter Coupling

1.1 General Introduction
Despite the clear need to reduce CO2 emissions, the global carbon emission rate has
been increasing over the past decade, threatening a global temperature increase of more
than 2◦ C with large impact on the environment. Solar power has the potential to replace fossil fuel energy sources, but in 2018 still only 2% of the total energy production
was generated by photovoltaics (PV). The majority of solar cells is based on silicon (Si),
and although the production costs have dropped significantly over the past decades, the
record efficiency has only increased from 24% to 26.7% in the past 20 years. [1] This is
mostly because the theoretical maximum efficiency for a solar cell made from single
band gap material is limited to 33% as defined by the Shockley-Queisser Limit (SQL). [2]
The main reason for this limit is that the solar spectrum consists of many colors, while
the single band gap solar cell is optimized for only one wavelength of light. This leads to
the inability to absorb low energy photons and results in losses due to the thermalization
of hot charge carriers created by high energy photons. To keep improving the efficiency
of solar cells, new technologies need to be developed, beyond the single band gap solar
cell. A promising direction is the extension of Si solar cells with organic molecules that
are able to perform singlet exciton fission. Singlet fission (SF) is a process where a high
energy exciton is converted into two triplet excitons with energies at roughly half the
singlet energy. By placing a layer of singlet fission material on top of an existing solar cell,
the generated triplets may be transferred to the Si resulting in more than one collected
charge per incoming photon. [3] Such a design could theoretically lead to an increase
of the solar cell efficiency by approximately 25%. [4] However, up to date the overall
efficiency of SF solar cells is still below that of commercial Si solar cells. [5] To realize
the increase in efficiency, the materials need to have strong light absorption, efficient
singlet fission yield and good transport of the excited states. It is therefore important to
tune the materials properties to these requirements. For molecules, this is usually done
by changing the chemical composition. There are however limitations to the possible
properties that can be obtained by chemical synthesis and it is extremely difficult to
change one property without changing others.
In this thesis, we will investigate how we can modify materials properties, not by
changing the molecular composition of the materials, but by strong light-matter
interaction. By carefully designing optical cavities that couple to exciton transitions
in organic semiconductors, we can hybridize the excitons with the optical cavity modes
resulting in quasi-particles called exciton-polaritons that have different properties from
the bare molecules. Controlling these new properties requires a detailed understanding
of light-matter coupling.
Light-matter coupling can be defined in different regimes. It is well known that the
emission rate of a molecule is not defined only by the molecule itself, but also by its
environment. By modifying the optical density of states, at the position of an emitter, [6,
7] the emission rate will change accordingly. This effect can be realized near a mirror
or inside an optical cavity (Purcell effect). As long as the interaction changes only the
emission rate, we speak of the weak coupling regime.
If, however, the interaction between the cavity and the emitters becomes stronger, this
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may result in the formation of new hybrid states. This phenomenon can be understood
as follows: when an exciton in the cavity decays by emitting a photon, instead of being
lost to the system, this photon has a probability to be reabsorbed by the molecules and
again form an exciton. This process may be repeated until the excitation escapes the
system. If, in such a system, the probability of emission and reabsorption is larger than
the probability that the excitation gets lost, or in other words, if the interaction rate is
larger than the loss rates, the system is in the strong coupling regime. In this case, the
system can no longer be described by the cavity resonance and the molecular excitation
alone, but should be described in terms of two new coupled states, with photonic and
excitonic character. These states are called polaritons and have different chemical and
physical properties than the constituting resonances. [8, 9]
Over the course of this thesis, we work with a cavity consisting of plasmonic particles
that are placed in a periodic lattice, also known as a distributed feedback (DFB) cavity.
The cavity modes in these structures are formed by the radiative coupling of the localized
surface plasmon resonances with the diffractive orders in the plane of the array. The
quality factors and dispersions of the cavity are determined by the design of the lattice
and properties of the plasmonic particles. A large advantage of this ‘open’ structure,
compared to a Fabry-Pérot cavity consisting of two opposing mirrors, is that light can
easily reach the organic material inside the cavity, which is essential for applications
in solar cells. The excitonic material of investigation are tetracene crystals. The motivation to work with tetracene is that it is one of the most studied materials for singlet
fission PV, because its triplet energy level is slightly higher in energy than the band gap
of silicon allowing for transfer of triplet excitons to silicon. [10, 11] The main research
question in this thesis is whether we are able to use strong coupling to modify materials
properties in organic singlet fission materials to improve the properties that are relevant
for developing an efficient SF solar cell or other optoelectronic devices. If we would be
able to modify the material such that is has more efficient singlet fission or better exciton
transport properties, this could increase the efficiency of SF solar cells and/or make more
materials suitable for application in SF solar cells.
Before describing the results of the different experiments in the following chapters, we
will first proceed in this chapter with an introduction to excitons in organic semiconductors. We will introduce the cavity in the experiments, starting with an explanation
of plasmonic resonances in individual particles and the advantages of using an array of
these particles. After that we go deeper into the physical principles behind strong lightmatter coupling and we end this chapter with an outline of the thesis.

1.2 Overview of the Photophysics in Organic Semiconductors
Organic semiconductors are semiconductors that are based on carbon atoms with a conjugated backbone, meaning that the carbon atoms have alternating single and double
bonds between them. Compared to other organic molecules, they have relatively high
electron mobilities and have an energy gap between the ground and excited state which
usually lies in the visible or near infrared range of the electromagnetic spectrum, com-
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parable to the band gap in inorganic semiconductors. To understand what makes a
molecule an organic semiconductor, it is useful to start with a review of the orbitals in
the constituting atom.

1.2.1 Atomic and Molecular Orbitals
When a carbon atom is in the proximity of other atoms, it can form a maximum of four
bonds to neighboring atoms, corresponding to unpaired electrons in the 2s and 2px , 2p y
and 2pz orbitals (Fig. 1.1 (a)). Under the influence of other molecules to bind to, the
2s and three 2p orbitals are degenerate, resulting in new hybrid orbitals. In case all four
electrons mix, this results in four equivalent orbitals with a configuration called 2sp3 ,
after the three 2p and one 2s orbitals. These four orbitals can form four (single) bonds,
called σ-bonds, resulting in a 3D molecule. The σ-bonds are very localized to the atoms
and therefore molecules with only σ-bonds do not have semiconducting properties.
When the carbon atom forms only three bonds to neighboring atoms, only the 2s and
two of the 2p orbitals hybridize resulting in three equivalent 2sp2 orbitals, while one
2p orbital remains ‘free’. The three 2sp2 orbitals, forming the σ-bonds with the other
molecules, lie in a 2D plane while the remaining 2pz orbitals form electron clouds above
and below this plane (Fig. 1.1 (b)). This additional bond of the 2pz orbitals is called the
π-bond which can extend over the entire conjugated backbone of the molecule. Because
these π-bonds are sticking out of the plane of the molecule, they usually have larger overlap with π-bonds in neighboring molecules, leading to an enhanced conductivity. [12]

1.2.2 Energy Levels Organic Semiconductors
The molecular orbitals determine to a large extent the energy levels of the molecule. The
energy of the π- and σ-bonds depends on the interaction of the two constituting orbitals
(φa and φb ). The electrons in the orbitals can either interfere constructively (Ψ = c 1 φ1 +
c 2 φ2 ), resulting in a energetically favorable bond, or destructively (Ψ = c 1 φ1 − c 2 φ2 ), resulting in an anti-bonding state at higher energy [13] (with c 1 , c 2 positive numbers). The
energy difference between the bonding and anti-bonding states is largely determined by
the overlap of the electron wave functions of the atomic orbitals. Since there is a very
large overlap of the 2sp2 -orbitals in σ bonds, the splitting between the σ-bonds and σ
anti-bonds (σ∗ ) is very large (>5 eV). On the other hand, the π-bonds have much smaller
overlap, leading to a lower energy difference between the π-bonds and anti-bonds, in
the order of 1 to 3.5 eV (Fig. 1.1 (c)). [12] In the ground state the π and σ-bonds are
filled, while the anti-π and anti-σ bond are empty. The highest filled π-bond is called
the highest occupied molecular orbital (HOMO) the π∗ -bond is the lowest unoccupied
molecular orbital (LUMO).
When characterizing the excited states of a semiconducting molecule in an experiment, such as a ground state absorption measurement, we do not probe the molecular
orbitals directly, but instead we measure the energy differences between different electronic states. These electronic states can be described by a linear combination of occupations of the different molecular orbitals. For the first excited state the major contribution
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σ∗
π∗
π
σ
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Figure 1.1: (a) Schematic representation of the orbitals of a single carbon atom and
(b) the resulting σ and π-bonds from the hybridization of the 2sp2 and pz bonds
respectively. The color indicates the phase of the bonds. (c) Hybridization on an energy
scale, showing the energy gain from the formation of the σ- and π-bonds and the energy
penalty for the corresponding σ∗ - and π∗ -bonds.

corresponds to configuration of one electron in the HOMO and one in the LUMO, but
also the smaller probability that an electron occupies a higher orbital should be taken
into account. [12] On top of the configuration of the occupation of the molecular orbitals,
there are several processes that modify the energy of this state as shown in Fig. 1.2 (a).
First, the Coulomb interaction between the electron in the LUMO and the remaining
hole in the HOMO results in a reduction of the energy gap between the ground state (S 0 )
and first excited state (S 1 ) state compared to the energy gap between the HOMO and
the LUMO. Second, there are the molecular vibrations of the nuclei resulting in different
vibrational levels. And lastly there is spin interaction between the electrons in different
orbitals, giving rise to singlet and triplet states (Fig. 1.2 (b)). [12] These excitations of a
molecule are called excitons. In contrast to Wannier-Mot excitons in inorganic semiconductors, organic materials have low dielectric constants leading to much larger Coulomb
interaction. This results in a large binding energy of the exciton and in a localization of
the exciton on only one or a few molecular sites. These excitons in organic materials
are called Frenkel excitons but since we are only working with organic materials, we will
simply refer to them as excitons.
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(a)

(b)

vacuum
S1

T1

S1

Energy

S0

T1

S0

Figure 1.2: (a) Orbital diagram of the S 0 , S 1 and T1 states, the electron spin is indicated
by the arrows. Note that depending on the occupation of the orbitals, the energy of an
electron in that orbital may differ. (b) The same three levels in a Jablonksi diagram.

1.2.3 Singlet and Triplet States
Besides the electronic wave function describing the spatial distribution of the electrons
and nuclei, the electron spin plays a crucial role to explain the excited states of a
molecule. In the ground state of most molecules, the molecular orbitals are filled by
two paired electrons, that have to be in a spin up and down state, as given by the Pauli
exclusion principle and result in a net spin of zero. However, when the two electrons
occupy different orbitals, the electrons are free to be in either spin up and/or spin down
state. The different states are constructed from four basis states: ↑↑, ↓↓, ↑↓, ↓↑ where the
arrows indicate spin up and spin down (m s = 1/2 and m s = −1/2), and the position
corresponds to the ground state and excited state electron, respectively. In the absence
of a magnetic field, the eigenstates of the system are then given by [14]
1
Ψ1 = p (↑↑ − ↓↓),
2
1
Ψ2 = p (↑↓ + ↓↑),
2
i
Ψ3 = p (↑↑ + ↓↓),
2
1
Ψ4 = p (↑↓ − ↓↑),
2

S = 1,

(1.1a)

S = 1,

(1.1b)

S = 1,

(1.1c)

S = 0.

(1.1d)

The state with S=0 is called the singlet state, since there is only one combination of
two electrons yielding S=0 while the states with S=1 are triplets states, because of the
three eigenstates corresponding to S=1. Despite the fact that the triplet and singlet states
occupy the same molecular orbital, they have different energies. The energy difference is
caused by the exchange interaction, which leads to a lower energy of the triplet exciton
compared to the singlet exciton. The exchange interaction can be understood from the
Pauli exclusion principle, which says that two identical particles cannot be in the same
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quantum state. Therefore, two electrons in the spin-up state cannot be at the same place
and they tend to avoid each other, leading to lower electron-electron repulsion energy
and, therefore, a lower energy state. [13] The larger the overlap between the HOMO and
the LUMO, the larger the energy difference between the singlet and triplet states. In
acene molecules, such as tetracene, the overlap of the electron wavefunctions of the
HOMO and the LUMO is large, leading to a large energy difference between the S 1 and
T1 state.
Besides the different energies of the singlet and triplet excitons, the spin configuration
has also effects on the transition dipoles of the states. Since the ground state of nearly all
molecules is a singlet state, the transition from S 0 to S 1 is spin allowed and can be excited
optically, while the promotion of an electron to the triplet state requires a spin flip, and is
therefore usually a dark transition, which is hard to detect in absorption or fluorescence
measurements.

1.2.4 Transitions Between Different States
An important type of transitions in semiconductors are radiative transitions, corresponding to the excitation of an electron from the ground state to an excited state by the
absorption of a photon or the decay from an excited to the ground state by the emission
of a photon. The intensity of the absorption (or emission) by an optical transition is
proportional to the number of transition events per second (k = ddnt ). The Hamiltonian
of the system changes when a photon is absorbed which can be approximated as
H = H0 + Ĥ 0 , where H0 describes the system before the absorption of a photon and Ĥ 0
is the electron-radiation interaction Hamiltonian given by Ĥ 0 = qr , with q the electron
charge and r the displacement. [15] Fermi’s golden rule can be obtained by applying
perturbation theory, giving the transition rate between the initial and final state:
ki → f =

2π
| 〈Ψ f | Ĥ 0 |Ψi 〉 |2 ρ.
ħ

(1.2)

Here, ρ is the density of final states, and Ψi and Ψ f the wave functions of the initial and
final states, respectively. The total wave function Ψ can be split up into the electronic,
vibrational and spin components Ψ = Ψel Ψvi b Ψspi n . Since radiation (in the visible frequency regime) to a large extend only acts on the electronic part, the rate between the
initial and final states can be written as [12]
ki → f =

2π
| 〈Ψel , f | qr |Ψel ,i 〉 |2 | 〈Ψvi b, f |Ψvi b,i 〉 |2 〈Ψspi n, f |Ψspi n,i 〉 |2 ρ.
ħ

(1.3)

If any of the factors in the equation above is zero, the transition is called forbidden. This
is the case for transitions from a singlet to a triplet state, where the spin is not conserved
(except for molecules with strong spin orbit coupling) or where the overlap of the vibrational components of the vibrational wave vector are zero. The term 〈Ψel , f | qr |Ψel ,i 〉
is corresponding to the transition dipole moment (TDM). This integral scales with the
overlap of the initial and final state, the spatial extent of the wave functions, and the parity of initial and final states. The transition is said to be dipole forbidden if the final state
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has the same parity as the initial state, as the overlap will vanish after interaction with the
dipole operator which is of an odd symmetry. The TDM is an important parameter for
the interaction of excitons with optical fields, which is at the heart of strong light-matter
coupling (Section 1.4). The TDM can be linked to experimental parameters by measuring
the extinction coefficient (²) [12]
|µ|2 ∝

Z

²( f )
df ,
f

(1.4)

where f is the frequency. For a relatively sharp transition, we van use the approximation:
Z

²( f )
∆f
df ∼
²max ,
f
f

(1.5)

where ∆ f is the full width at half maximum (fwhm) of the transition and ²max the maximum extinction. Therefore, by measuring the extinction spectrum, we can obtain an
estimate for the magnitude and the orientation of the TDM in the organic semiconductor.
Whereas in the case of absorption the photon increases the total energy of the
molecule, in fluorescence the molecule loses the energy of an excited singlet state by
emission of a photon. In an ideal two level system, the absorption and emission spectra
would perfectly overlap. In reality, absorption and emission spectra are consisting of
different peaks and are (often) close to each others mirror image (Fig. 1.3 (b)). The peaks
are due to the vibrational degree of freedom of the molecule (The second term in Eq.
(1.3): (〈Ψvi b, f |Ψvi b,i 〉 |2 )). The different molecular vibrations result in different energy
levels of the ground and excited state with energy spacing in the order of 100-300 meV.
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Figure 1.3: (a) Schematic representation of vibrational sub-levels and (b) the effect on
the absorption and fluorescence spectra of a tetracene crystal.

The differences between the absorption and emission spectra arise because at room
temperature, the molecule is in a vibrational ground state. Therefore absorption occurs
from the lowest vibrational level of the ground state to all optically allowed vibrational
levels of the excited state. While after rapid relaxation of the excited state to the vibrational ground state, the emission occurs from the bottom of the excited state to all
vibrational levels of the ground state (Fig. 1.3 (a)). This results in the mirrored peaks in
8
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the absorption and fluorescence spectra of a molecule. The difference in energy between
the absorption and emission of the 0-0 transition (the transition between the lowest
vibrational state of the ground state and the lowest vibrational state of the excited state)
is called the Stokes shift and is due to difference in geometries of the ground and excited
states and their interactions with the environment. [12]

1.2.5 Singlet Fission and Triplet-Triplet Annihilation
We saw in Section 1.2.3 that the transition from a singlet to a triplet state, called inter system crossing (ISC), requires a spin flip and is, therefore, forbidden in molecules without
significant spin orbit coupling. Another process that links singlet and triplet excitons is
singlet fission (SF). Singlet fission is a process where one molecule in the excited singlet
state and one neighboring molecule in a singlet ground state are converted into two
triplet states at approximately half the energy of the singlet state. When two triplet states
have opposite spin (+1 and -1) their combined spin adds up to zero and therefore the
transition from a singlet to a pair triplet states can go without flipping any spin, as shown
in Fig. 1.4 (a). Over time, these triplets can dissociate into two free triplet states that
are relatively long lived since they cannot decay radiatively. The triplets can either decay
non-radiatively or, when they meet another triplet, the two states can turn back into a
singlet state, by a process called triplet-triplet annihilation (TTA). The emission from the
recreated singlet state is called delayed fluorescence. The processes of SF and TTA can
be summarized as:
S0 + S1

(T T )

T1 + T1

(1.6)

One of the most studied materials for singlet fission is tetracene. Already in the 1960’s,
it was discovered that the low fluorescence quantum yield and the long lifetime of the
emission was caused by efficient singlet fission to triplet states and subsequent triplettriplet annihilation back to the singlet state. [16–18] Singlet fission to the triplet pair state
in tetracene is relatively fast, on the order of 80 to 300 ps, while the energy of two (free)
triplet states is on the order of 200 meV higher than that of the singlet state. [19, 20]
Although many different explanations have been proposed for the fast exciton fission,
[21–24] most recent reports indicate that the triplet pair state is lower in energy than the
singlet excitons and the free triplets states leading to E S > E T T < 2E T f r ee . [14, 25–27]
The dissociation from the triplet pair to free triplets then is thermally activated and goes
much slower. To fit the decay dynamics, we use kinetic models that describe the rates
between the different excited states as shown in Fig. 1.5. The models are introduced in
more detail in Chapters 3 and 5.
We should note that we model state triplet pair state as one level, while a complete
description of this state requires a description of the combined spins of all the coupled electrons. Similar to the 4 eigenstates associated with the two electrons given in
Eqs. (1.1a), the 4 electrons in two neighboring molecules are described by 16 possible
eigenstates of which 9 are triplet pair states. [14] The spin 0 triplet pair state is not an
eigenstate of the four-electron system, but a coherent superposition of the triplet pair
states, resulting in very rich spin dynamics of this state, that can be observed as quantum
9
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S1
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T1

singlet
fission

T1

(b)

S1
T1

Energy

(a)

TTA

S0
Figure 1.4: (a) Schematic illustration of spin conservation during singlet fission. (b) The
same energy levels as in (a) in a Jablonski diagram.

beats in the fluorescence decay dynamics.[28] By taking the triplet pair state as a single
state when modeling the singlet fission kinetics in tetracene, we do not account for the
different lifetimes of longer living triplet pair states. [14, 29, 30] Even though this is a
simplification, this method enables us to capture the most relevant features in the decay
dynamics of tetracene upon photo-excitation.

Singlet1

Triplet Pair
kfus
kfis

E
kG

kS

kdis
kTT

Free Triplet
kTTA
kmer
kTfree

Singlet0
Figure 1.5: Jablonski diagram of different excited states in tetracene and the associated
transition rates. [31] This schematic is used in this thesis to model the excited state
dynamics in tetracene.

1.2.6 Exciton Diffusion in Organic Semiconductors
Beside the transfer of excitations between different states within a single molecule, the
energy of an excited state on one molecule (donor) can be transferred to a neighboring
molecule (acceptor). This hopping between molecules, or exciton diffusion, is important for the performance of semiconducting molecules in optoelectronic devices. In
non-radiative energy transport in organic semiconductors, two hopping mechanisms are
distinguished: Förster resonant energy transfer (FRET), [32] and Dexter energy transfer
(DET). [33] FRET is a near-field dipole-dipole interaction while DET goes by the exchange
interaction associated with the exchange of electrons (See Fig. 1.6).
The rate of energy transfer by the two different mechanisms can be derived from
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Förster resonant energy transfer

Dexter energy transfer

Figure 1.6: Schematic representation of Förster and Dexter energy transfer. In FRET
energy transfer goes via a dipole-dipole interaction, while in Dexter transfer the hole and
electrons are actually exchanged to a neighboring molecule.

Fermi’s golden rule (Eq. (1.2)) by inserting the wave functions for the initial and final
state. For FRET, the dipole-dipole interaction terms are evaluated, yielding a rate
k F RE T =

κ2

|µD |2 |µ A |2
R6
8ħπ²20

Z
P L D (E )Abs A (E )d E ,

(1.7)

where R is the distance between the donor and acceptor molecule, µD and µ A the donor
and acceptor TDMs and P L D (E ) and Abs A (E ) are the emission and absorption spectra
of the donor and acceptor molecule, respectively. κ accounts for the relative orientation
of the donor and acceptor molecules, and is calculated by
κ = µ̂D · µ̂ A − 3(µ̂D · rˆD A )(µ̂ A · rˆD A ),

(1.8)

with µ̂ the unit vector along the transition dipole moments and rˆD A the unit vector along
the line connecting the donor and acceptor dipoles. From Eqs. (1.7) and (1.8) we can
see that the FRET rate depends on the overlap of the donor emission (P L D ) and acceptor
absorption (Abs A ) spectra, the relative orientation of the dipoles and the distance between them. Since (in general) triplet states do not have a dipole moment, FRET does
not apply to the dark triplet excitons and is, therefore, the transfer mechanism for the
radiative singlet excitons only. [34]
When the electron exchange terms in Eq. (1.2) are examined for the donor and acceptor
molecule, we obtain the Dexter energy transfer rate
R

k Dext er ∝ e − L ,

(1.9)

where R is the distance between the donor and acceptor, and L the effective orbital
radius. The hopping rate in DET is exponentially dependent on the overlap of the
11
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molecular wave functions of neighboring molecules. Since there is no dipole moment
required for DET, it applies to both singlet and triplet excitons. FRET is usually
orders of magnitude faster than DET, but due to the much longer lifetime of triplet
excitons, the triplet diffusion length is generally longer than the singlet exciton diffusion
length. [35, 36]

1.2.7 Modeling Exciton Diffusion
The experiments on exciton diffusion described in this thesis, are based on the excitation
of a localized exciton cloud, followed by time resolved imaging of this laser spot (Chapter
2 and 3). Since exciton diffusion is a random walk process, it leads to the spreading of
excitations from regions with high concentrations to regions with low concentrations. In
the linear regime, the net diffusion of an exciton cloud along one direction in the crystal
is given by the diffusion equation [37]
d 2 N (x, t )
d N (x, t )
=D
− kN (x, t ),
dt
d x2

(1.10)

where k is the decay rate of the excitons by both radiative and non radiative processes
and D is the diffusion constant along the x-axis. If we assume that the diffusion and
decay rates are both independent of time and position, we can find an analytical solution
to the equation. For an initial condition of a Dirac delta function, this solution is
−x 2
1
N (x, t ) = p
e 4D t e −kt .
4πD t

(1.11)

A more general solution can be obtained by a convolution of Eq. (1.11) with the initial
excitation condition. Since the focused laser excitation can be approximated by a Gaus2
sian profile N (x, 0) = N0 exp( −x
), with σ the variance of the profile. The exciton density
2σ2
becomes
!
Ã
µ
¶
Z ∞
(x − x̃)2
N0
x̃ 2
exp
−
exp (−kt ) d x̃
exp
N (x, t ) = p
4D t
2σ20 (0)
4πD t −∞
!
Ã
(1.12)
N0
−x 2
=r
exp (−kt )
exp
2
2σ0 + 4D t
2D t
+1
σ2
0

An exciton cloud in a system satisfying Eq.(1.10), thus evolves as σ2t ot = σ20 + 2D t , and
the diffusion constant can be extracted by measuring the expansion of the profile
D=

σ(t )2 + σ(0)2
.
2t

(1.13)

For materials with more complicated excited state dynamics, such as singlet fission and
TTA, the description given above is unsatisfactory. It turns out that the SF and TTA can
12
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have a large effect on the spatial evolution of the exciton cloud. The equations governing
this transport, cannot be solved analytically and numerical simulation techniques are
employed to model these dynamics, which will be explained in more detail in Chapter 3.

1.2.8 Organic Crystals
Organic crystals are a class of organic semiconductors with interesting properties for
strong light-matter coupling. A crystal is a material consisting of an ordered lattice and a
basis. In case of inorganic crystals, this basis is formed by an atom, such as silicon, or a
combination of multiple atoms such as gallium and arsenic in gallium arsenide crystals.
When the basis of the crystal is a carbon based (organic) molecule, the resulting material
is an organic crystal.
While inorganic crystals are bound together by covalent bonds, the molecules that
can form organic crystals usually have a filled outer shell and are therefore unable to
form covalent bonds with the neighboring molecules. In non-polar molecules, such
as tetracene, the intermolecular forces within the crystal that bind the molecules, are
originating from the van der Waals interactions. [38] The strength of the van der Waals
interaction depends on the polarizibility of the molecules and the distance between two
2
molecules. Since these forces depend so strongly on the distance (F ∝ αr 7 ), the molecular
crystals usually have tight packing. Due to this tight packing and the low disorder in
organic crystals, compared to many other molecules, the exciton diffusion length can be
relatively long, up to several microns for triplet excitons in rubrene.
The formation of the crystal and strong interaction with neighboring molecules may
lead to modified energy levels in the crystal compared to the individual molecules, but
since the interaction between the atoms within the molecule is much stronger than the
interaction between the molecules in the crystal, the material maintains some of the
properties of the individual molecules. [12, 38, 39]
The aligned orientation of molecules within the crystal may lead to anisotropic properties. An interesting property of tetracene crystals is that they have two exciton transitions
of different energies (centered at 2.38 eV and 2.47 eV) with dipole moments oriented at
an angle of 70◦ with respect to each other and lying almost in the ab-plane, [40] which
is parallel to the substrate onto which the crystals are deposited. These two exciton transitions arise from the electronic coupling of the two molecules in the unit cell, leading
to the Davydov splitting. [41] The TDM of the exciton at 2.38 eV is roughly three times
stronger than the one at 2.47, as is visible from the extinction cross sections along both
axes shown in Fig. 1.7. These anisotropic properties make tetracene an ideal material to
study the interactions of different excitons with the cavity.
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Figure 1.7: Transmission through a tetracene crystal of light polarized either parallel to
the strongest exciton transition (b-axis, b || ) or of light polarized perpendicular to this
transition (b ⊥ )
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1.3 Plasmonic Cavities
Most experiments on strong light-matter coupling are performed in microcavities, where
the semiconductors are sandwiched between two mirrors. In this thesis, we choose to
use arrays of plasmonic nanoparticles as cavity for strong light-matter coupling, also
known as distributed feedback (DFB) cavities. A large advantage of these cavities, compared to the closed microcavities is that light can better access the material inside the
cavity, due to their open structure. This is not only crucial for applications in devices,
but also makes it easier to do optical measurements on the coupled system. The cavity
modes in these arrays of plasmonic nanoparticles are surface lattice resonances (SLRs)
and are a combination of plasmonic resonances and diffractive orders of the array. To
introduce to this type of cavities, we first review resonances in individual metal particles
and then go into the coupling of these resonances to the diffractive orders that arise when
the particles are placed inside a lattice.

1.3.1 Localized Surface Plasmon Resonances
Under a (dark-field) microscope, a metal particle with dimensions much smaller than the
wavelength of light, can be seen easily, while other particles, with the same dimension,
such as a virus are nearly impossible to distinguish. [42] The reason for this remarkable
difference is that the incoming radiation sets the free electrons of the metal nanoparticles in a resonant oscillation known as localized surface plasmon resonances (LSPRs).
Due to this resonance, the metal nanoparticle acts as an optical antenna, scattering the
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light much more efficiently than a dielectric particle of the same size. A very interesting
property of these LSPRs is that they concentrate the light into very small volumes. Where
dielectric materials can concentrate the light only on a scale in the order of λ/n, the
coupling of the light to the conduction electrons of the metallic nanoparticles allows for a
huge localization of the fields to the nanometer scale. [43] The strong field enhancement
in small volumes has resulted in the application of plasmonic particles for biochemical
sensors and surface-enhanced spectroscopy. [44]
The scattering (σsca ) and extinction cross sections (σext ) of a particle are determined
by the polarizability (α) of a particle and the incoming wave vector (k) and are given by
8
σsca = πk 4 |α|2 ,
3

(1.14)

σext = 4πkℑ(α).

(1.15)

The polarizability depends on the material, shape and size of the particle. The absorption
cross section can then be calculated as σabs = σext − σsc a . For some shapes, such as
spheres and ellipsoids, the polarizability can be calculated analytically. The so called,
quasistatic polarizability for an ellipsoidal particle is
αst at = r x r y r z

²m − ²s
,
3²s + 3L(²m − ²s )

(1.16)

where ²m is the permittivity of the metal particles and ²s the permittivity of the surrounding medium. L is the shape factor, given by the radii r i of the ellipsoid along the 3
principle axes. For an incident plane wave polarized along one of these axes i [42, 45]
Z
rx r y rz ∞
1
d s.
(1.17)
Li =
q
2
0 (s + r 2 ) (s + r 2 )(s + r 2 )(s + r 2 )
x
y
z
i
The polarizability calculated by Eq. (1.16) is only accurate for very small particles.
When the particles are bigger (r & λ/10) retardation effects and radiation damping
should be taken into account, which is done by applying the modified long-wavelength
approximation, [46]
αst at
αM LW A =
.
(1.18)
2
2
3
1 − 3 i k αst at − ka αst at
The extinction efficiency, defined as the extinction cross section divided by the geometrical cross section, for an ellipsoidal particle with radii r x = r y = 25 nm and r z =
18 nm (L k = 0.29), is shown with the blue curve in Fig. 1.8 (a). The large extinction
cross section, being approximately 12 times larger than geometrical cross section, evidences the strong interaction of the nanoparticle with radiation. The antenna effect
of the particle is further supported by the simulation in Fig. 1.9 (b), which shows the
concentration of the electric fields into a very small volume (details on the simulation in
Section 1.3.3). Another property obtained from the extinction spectrum is the quality
factor of the resonance, which is proportional to the lifetime of the resonance. The
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Q-factor is calculated as Q = E r es /∆E , where E r es is the resonance energy, and ∆E is
the fwhm of the resonance. The broad extinction spectrum of the particle shown with
the blue curve in 1.8 (a) implies a low Q-factor which means that the LSPR will decay
rapidly. Although the resonance energy of the LSPR can be tuned by changing the shape
and size of the particle, Wang et al. [47] showed that in the quasistatic approximation
the quality factor of the LSPR only depends on the dielectric function of the material
0

ω d²

Q ≈ ²d00ω . This general result meant that single plasmonic particles cannot sustain high
quality resonances, which are desired for collective strong light-matter coupling, as it
requires that the losses of the system are smaller than the interaction rate. Therefore,
other methods have to be employed to reach higher quality factors. An effective way to
lower the losses is to place the nanoparticles in a lattice. This will reduce the radiative
losses due to destructive interference of radiative modes and lower ohmic losses caused
by a redistribution of the electric field farther away from the particles. [48, 49]
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Figure 1.8: (a) Extinction cross section of a single silver nanoparticle (blue curve) and
an array of nanoparticles (red curve). (b) Real and imaginary parts of the inverse
polarizabilities (1/α) and retarded dipole sum (S). The vertical black dotted lines in both
panels indicate the places where the real part of S and 1/α are equal and, therefore, where
the maxima in the extinction efficiency are.

1.3.2 Coupled Dipole Model
Computing the extinction cross of an array of metal particles is more challenging than
for a single particle because the field at each particle is not only given by the incident
field but also by the scattered fields from the other particles.To solve this problem, the
system can be approximated as an array of the coupled point dipoles. [50] The induced
dipole in each particle depends on the polarizability α of the particle given by Eq. (1.18)
and the field E (r i ) at the particle
P i = αi E (r i ).
(1.19)
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Due to the fact that the particles are now in a lattice, the field induced at each dipole will
act on other particles as well, and will lead to a modified field compared to the case of a
single particle. To solve this problem in a self-consistent way, we first calculate the field
that a dipole induces at a point r away from the dipole. This can can be calculated by the
dipole interaction tensor [51]
2

r i j P j − 3r i j (r i j · P j )
r i j × (r i j × P j )
e i kr
= k 2 e i kr i j
+ e i kr i j (1 − e i kr i j )
,
3
r
ri j
r i5j
(1.20)
where k is the wave vector in free space, r i j is the vector pointing from dipole i to dipole
j . The polarization of each particle under an incident field is:
"
#
X
p i = αi E i nc,i +
G 0 (r i − r j )p j .
(1.21)
G 0 (r ) = k 2 + ∇∇

j 6=i

The first term E i nc,i describes the field of an incoming plane wave and the second term
describes the field induced by the other particles in the lattice. For an infinite array and
under normal incidence illumination, the field in each particle is the same (p i = p j = p).
P
For this case, we can rewrite Eq. (1.21) by substituting S = i 6=0 G 0 (r i ), and obtain an
expression for the effective polarizability of the array of nanoparticles:
αe f f =

1
p
=
,
E i nc,i 1/αi − S

where S, the retarded dipole sum, can be expressed as
"
#
X i kr (1 − i kr j )(3cos 2 Θ j − 1) k 2 si n 2 Θ j
j
,
+
S=
e
rj
r j3
j 6=i

(1.22)

(1.23)

with r j the distance of each particle to particle i and Θ is the angle between r j and the
dipole moment of particle j . The absorption cross section associated with the effective
polarizability can be obtained from Eqs. (1.14) and (1.15).
The calculated extinction cross section for a square array with lattice constants of 340×
340 nm2 consisting of ellipsoidal silver nanoparticles with a radius of 25 nm and a halfheight of 18 nm, embedded in a dielectric layer (n=1.515), is shown with the red curve in
Figure 1.8(a). While the extinction of the individual particle only has a single broad resonant peak (blue curve), the lattice of nanoparticles consists of one broad peak and a very
narrow strong peak. These resonances that are resulting from the combined properties
of the plasmonic particles and the lattice, are called surface lattice resonances (SLRs). We
saw in 1.8 (a) that the extinction cross section reaches a maximum at 2.38 eV as indicated
with the dashed vertical line. To interpret the emergence of the resonances, we plot the
real and imaginary parts of the inverse polarizability and the retarded dipole sum (S) in
Fig. 1.8(b). We see that the maximum extinction in (a) corresponds to the condition
where the real part of the inverse polarizability ℜ( α 1 ) and the retarded dipole sum
ef f
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(S) in (b) are equal, while the difference in their imaginary parts is small. In that case,
the denominator of the effective polarizability (Eq. (1.22)) approaches zero. The second
broad resonance at ∼ 2.63 eV, corresponds to the other point where the real parts of S and
1/α cross, but because the difference in the imaginary parts is larger at this energy, the
resonance has higher losses and is much broader and weaker.
Although the implementation of the coupled dipole model above is only valid for infinite arrays and normal incidence illumination, it gives clear insight to the emergence
of the SLRs. To visualize the fields associated with the SLRs, to perform angle dependent
simulations or to simulate the effects of near field interactions between the particles,
other implementations of coupled dipole equation, [52] or other numerical techniques
should be used.

1.3.3 Numerical Simulations of Plasmonic Nanostructures
A powerful method to model the interaction of electromagnetic (EM) waves with nanostructures is the finite-difference in time-domain (FDTD) method. For this numerical
method, the space is divided in a grid and a pulse of EM radiation is introduced. The
Maxwell equations in differential form are discretized and evaluated at a time t +∆t from
the electric and magnetic fields at time t . The fields are recorded and the transmission
and reflection characteristics, as well as the near fields, are calculated. FDTD is a very intuitive method and good for broadband simulations and simulations of large structures.
Using FDTD simulations, the fields for the plasmonic nanoparticle array with the same
parameters as in Fig. 1.8 are shown in Fig. 1.9. As expected, the extinction cross section
of the single particle calculated in a total-field scattered-field simulation design (Fig.
1.9 (a)), agrees almost perfectly with the extinction cross section calculated analytically
(plotted in Fig. 1.8). The near fields around the particle at the resonance frequency are
shown in Fig. 1.9 (b) where the large field confinement in ∼ 10 nm around the particle
and a corresponding enhancement up to a factor of 60 around the particle are visible.
When the particles are placed in a lattice, the LSPRs interact with the diffractive orders
leading to the formation of a sharp narrow peak at 2.38 eV and a broad peak at 2.63 eV.
The near fields of the sharp peak (Fig. 1.9 (c)) show a delocalized field, indicating that this
resonance has inherited the properties of the in-plane diffractive order. Furthermore, the
field intensities directly at the surface of the particles are also higher than for an individual particle, resulting from the higher Q-factor of the mode. The enhanced Q-factor of
the mode in turn results from lower radiative losses due to destructive interference of
radiative decay channels, and the different field profile of the mode leading to lower
ohmic losses from absorption by silver nanoparticles. This makes these modes ideal
to use as optical cavities that, once covered with excitonic material, can be used as a
platform for strong light-matter coupling.
The near field of the resonance at 2.63 eV is shown in Fig. 1.9(d) and is similar to that of
the localized resonance. Only under closer inspection, some enhanced fields at the edge
of the unit cell can be distinguished. Even though this resonance is not strictly a LSPR,
since by coupling of the individual particles to the array it inherits some of the properties
of the array, over the course of this thesis we will refer to this resonance as the LSPR,
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as most of the properties are similar. The sharp resonance is called the surface lattice
resonance (SLR).
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Figure 1.9: (a) Extinction cross section of a single silver nanoparticle (blue curve) and
an array of nanoparticles (red curve) calculated by FDTD simulations. (b) The electric
field amplitude of a single particle at the energy of maximum extinction of the LSPR
normalized to the amplitude of the incident plane wave. The field in the array for nine
unit cells is shown in (c) at an energy of 2.38 eV and in (d) at 2.63 eV.

1.3.4 Surface Lattice Resonances
In 1902, many years before the understanding of the physics of plasmonic resonances,
R.W. Wood observed that when a metallic grating was illuminated by a white light source,
a drop in intensity occurred in the reflection spectrum of the grating at specific wavelengths. [53] As he was unable to give an explanation for the lines, he called them ‘singular anomalies’. Five years later, Lord Rayleigh proposed an explanation of these anomalies as emerging at the wavelength and angle where the diffracted light from the grating
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results in a scattered wave along the surface of the grating, [54] as described by the grating
equation
nλ
.
(1.24)
a
here, Θi n is the angle of incident light with respect to the normal of the grating, Θd i f f the
angle of the diffracted light, λ is the wavelength, n the refractive index of the medium
and a the periodicity of the grating. Although this explanation improved the understanding of the anomalies, they failed to predict the exact wavelengths for which the dips
in reflection appeared. It was more than 30 years later that U. Fano pointed out that
the anomalies observed by Wood, were in fact a combination of the in-plane diffractive
orders (we call them Rayleigh anomalies) and the properties of the material that the grating was made of. [55] Those waves became later known as surface plasmons. Similar to
surface plasmons, SLRs arise from the coupling of the LSPRs with the Rayleigh anomalies
(RA) and therefore the SLRs also partially inherit the properties of the RAs, such as their
dispersive behavior. For a 2-dimensional array of particles, the RAs can be expressed in
momentum space as
±k d i f f = k i n +G l ,
(1.25)
si n(Θd i f f ) = si n(Θi n ) +

where k i n is the wave vector of the incident wave, k d i f f the wave vector of the diffracted
2π
wave and G l = (G x ,G y ) = ( 2π
a x p x̂, a y q ŷ) are the reciprocal lattice vectors with a x and a y
the lattice period in x and y, and p and q integers indicating the order of diffraction.
When we impose that the diffracted wave should scatter along the grating surface, we
obtain the energy-momentum relations of the Rayleigh Anomalies
E R A (k ||i n )2 =

µ

ħc
n

¶2 ·
µ
¶ µ
¶
¸
2π 2
2π 2
2π
2π
k ||i n 2 +
p +
q + 2k x
p + 2k y
q ,
ax
ay
ax
ay

(1.26)

with n the refractive index of the medium, k x and k y the momentum of the incident wave
along the x and y directions and k ||i n 2 = k x2 + k y2 at the wavelength of the scattered waves.
For a rectangular nanoparticle array, the lowest energy modes (p,q) are the (±1,0) and
(0,±1) SLRs. When these modes are excited by a normal incident wave (in-plane wave
vector equals zero k ||i n = 0), these modes propagate in orthogonal directions in the particle array. When the angle of incidence of the wave is changed along one of the principal
axes of the array, the in-plane component of the incident wave vector is added either
parallel or perpendicular to the SLR (Fig. 1.10(a)), resulting in different dispersion. Over
the course of this thesis, we will use the convention that the mode where the wave vector
is parallel to the propagation direction is the (0,1) SLR and the case where the incoming
wave vector is perpendicular to the propagation direction the (1,0) SLR. By choosing the
polarization of the incident beam and therefore the axis of polarization of the nanoparticle, we can select which of the modes we excite (Fig. 1.10(b)). The radiative coupling between the nanoparticles is mainly in the directions perpendicular to the induced dipoles
in the nanoparticles that result from the LSPRs. If the incident light at the sample is spolarized, it excites a mode that is parallel to an in plane component of the wave vector,
called the transverse electric (TE) mode; while if we use p-polarized light we excite the
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transverse magnetic (TM) mode that is perpendicular to the in-plane wave vector. The
TE mode follows a linear dispersion, while the TM mode can be approximated by a
parabolic dispersion for low k-vectors.
As a consequence of the interaction between the TE- and TM-RA with the plasmonic
LSPRs of the localized nanoparticles, the dispersions do not exactly follow the grating
equation. Especially when the energy of the RA approaches the energy of the LSPR, the
two modes will interact more strongly and a typical avoided crossing of the SLR and
the LSPR can be observed in the spectrum. This behavior becomes very clear when
an angular dependent dispersion of such a system is measured, giving the extinction
for each angle. In Fig. 1.10 (c) and (d) the FDTD simulated TE and TM dispersions of
a plasmonic nanoparticle array with dimensions (a x =a y =340 nm) are shown. The black
dashed lines indicate the dispersion of the RA and LSPR in the absence of any interaction.
When the cavity dispersion approaches the LSPR, the avoided crossing is clearly visible.
The dispersion of the SLR can be described as coupled oscillators that exchange energy
at a rate g , where the LSPR represents one oscillator and the RAs represent the other
oscillators. This analogy will be explained in more detail in the context of strong lightmatter coupling in Section 1.4.2. The coupled system can be fitted phenomenologically
with an interaction Hamiltonian.
E R A 1 − i γR A 1
0
H =
g


0
E R A 2 − i γR A 2
g


g
,
g
E LSP R − i γLSP R

(1.27)

where E R A and γR A are the energy and losses of the RA, E LSP R and γLSP R the energy and
losses of the LSPR, and g the rate of interaction. The resulting eigenvalues are plotted as a
function of the incoming wave vector with the red-dashed curves in Fig. 1.10 (c) and (d).
The different dispersions of the two modes lead to different properties, such as group
velocity and Q-factor. By changing the parameters of the array, these properties can
be tuned to optimize the cavity resonances for strong coupling with different excitonic
materials.

1.4 Strong Light-Matter Coupling
In this section, we give a short introduction to the physical principle behind strong lightmatter coupling. As discussed in Section 1.2.2, the interaction of different atomic orbitals
can result in the formation of bonding and anti-bonding states with different energies.
Also the bonding of molecules to form a crystal leads to modified properties compared to
the individual molecules. However, not only the interaction of matter with other matter
can lead to new properties, but also the interaction of matter with the optical environment can. A famous example of light-matter coupling is the Purcell effect, where an
emitter is placed in an optical cavity. [6] In this experiment, the optical density of states
is modified and in accordance with Fermi’s golden rule (Eq. (1.2)), this changes the
emission rate. The Purcell effect is an example of light-matter coupling in the weak
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Figure 1.10: (a) An incident plane wave has a wave vector component parallel (k y ) and
perpendicular (k z ) to the substrate. The TE mode corresponds to the RA where the lattice
adds momentum along the parallel component of the incident wave vector, while for
the TM mode the lattice momentum vector is perpendicular to the k y component of
the incident wave. The polarization of the incident plane wave determines which mode
will be excited. (b) Shows in reciprocal space how the lattice vector and the in-plane
component of the wave vector (k y ) add up to result in the TE- and TM-RAs. [56] (c) And
(d) show the angular resolved extinction of the TE and TM mode for a 340x340 nm2 lattice
with ellipsoidal particles with a radius of 25 nm and a half-height of 18 nm, as calculated
by FDTD simulations. The horizontal dashed lines indicate the LSPR energy and the
other black dashed curves give the RAs as calculated by Eq. (1.26). The red-dashed curves
are the dispersions of the SLRs resulting from the coupling of the LSPRs with the RAs as
calculated by Eq. (1.27).

coupling regime, i.e., the decay rate of the state is modified, but other properties remain unaffected. If the interaction becomes stronger and the energy of the excitation is
transferred multiple times from the cavity to the emitter before it gets lost to the system,
we talk about the strong coupling regime and the optical mode and the exciton of the
emitter hybridize. This hybridization results in two new states, called exciton polaritons.
The energy of these states is not only determined by their original energies but also by
their mutual interaction, resulting in an energy splitting of the exciton polaritons into
a lower polariton band (LPB) and an upper polariton band (UPB). Exciton-polaritons
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have properties that are a linear combination of the constituting parts, the photon and
the electron. The polaritons inherit the interacting properties of the excitons, while the
delocalized character of the cavity mode is also transferred to the polaritons

1.4.1 Strong Coupling with Organic Molecules
Strong Coupling in Microcavities
Strong light-matter coupling was first explored by coupling cavities to Rydberg atoms [57]
and later to quantum wells of inorganic semiconductors. [58, 59] A disadvantage of excitons in inorganic semiconductors is that they have relatively weak transition dipole
moments. Furthermore, the binding energy of Wannier-Mot excitons in (bulk) inorganic
semiconductors is on the order of several meV, making room temperature experiments
very challenging. Therefore, organic materials with large TDMs and binding energies
were a promising alternative. This led to the investigations of those materials as a platform for strong light-matter coupling, which was achieved almost 25 years ago. [60–63]
The larger transition dipole moment resulted in Rabi-splittings of more than 100 meV
and the large binding energy of Frenkel excitons in organic materials have made strong
light-matter coupling experiments possible at room temperature.
In the following decades, many interesting phenomena were observed in strongly coupled systems. The hybrid photonic and excitonic properties of the polaritons, having
a much lower effective mass than electrons while still being able to interact with other
polaritons due to the excitonic component, opened the possibility for room temperature
quantum condensation and low-threshold polariton lasing. [64–67]. The coupling of the
localized excitons to optical modes with an extended mode volume and an associated
group velocity has resulted in the demonstration of enhanced of exciton transport, [68–
73] conductivity, [74–76] and energy transfer. [77–80] The modified excited state landscape resulting from the formation of the polaritons at different energy levels has resulted in changes of the chemical reactivity. [8, 81–86] The modifications of the available
energy levels may also help to overcome energy barriers in the excited state landscapes,
resulting in modified dynamics, [87, 88] such as enhanced reversed intersystem crossing
(RISC) [89] and modified triplet-triplet annihilation. [90–92]
Strong Coupling in ‘Open’ Cavities
The majority of experiments on strong light matter coupling are performed in FabryPérot (FP) microcavities, consisting of an inorganic semiconductor sandwiched between
two metal mirrors or distributed Bragg reflectors. FP microcavities are easy to fabricate,
providing the relatively high Q-factors (∼10 up to >1000), and large volumes that are
needed for a realistic application in polaritonic devices. However, a drawback of FPcavities is their closed geometry with the active material embedded between two mirrors.
This characteristic greatly reduces the in- and out-coupling of light and limits the application in, e.g., photovoltaics, organic LEDs, photodetectors and photocatalysis, where
maximizing the light harvesting or emission is desirable.
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An alternative way of designing a cavity is by coupling to the near fields of plasmonic
nanoparticles. In these cavities, the electromagnetic fields are confined to a few nanometer allowing for strong light-strong coupling of emitters with the nanoparticle, [93, 94]
even down to a single molecule. [95] Although these nanoparticles have a much lower Qfactor than FP-cavities due to higher radiative losses, this drawback is compensated by
their much smaller mode volume. However, this mode volume also represents an important problem to the application of nanoparticles in polaritonic devices as the effective
number of involved molecules in strong coupling is low and the macroscopic effects of
strong coupling remain negligible.
An interesting alternative to FP microcavities and single nanoparticles are open cavity structures supporting surface plasmon polaritons (SPPs) and collective plasmonic
modes, like the ones investigated in this thesis. In the simplest configuration, a flat
metal surface is used to support SPPs for strong light-matter coupling. [96] To narrow
the linewidth of the modes or control the dispersion, more complex structures can be
designed such as nanohole, [63] and nanoparticle arrays (described in Section 1.3.4). The
Q-factor and the dispersion anisotropy of SLRs in nanoparticle arrays can be controlled
by the design of the nanoparticle shape and array dimensions. [97, 98] The extended and
open structure of cavities supporting SLRs, which are transparent over a broad range
of the electromagnetic spectrum, makes them ideally suited for applications in optoelectronic devices.

1.4.2 Theory of Strong Coupling
An intuitive way to understand the coupling between light and matter is by considering
a system of two coupled harmonic oscillators. The most basic example of this system
consists of two equal masses on a spring, that are coupled by a third spring. Maybe
this system seems unrelated to the interaction of an optical field coupled to a dipole
transition in a molecule, but both systems are largely described by the same physics (see
Fig. 1.11 (a-c)). [99]
The position of the two coupled, undamped oscillators can be described by:
m x¨1 +C 1 x 1 + κ(x 1 − x 2 )) = 0,

(1.28a)

m x¨2 +C 2 x 2 − κ(x 1 − x 2 )) = 0.

(1.28b)

where C i are the spring constants (using C instead of k to avoid confusion with the wave
vector), m are the masses and x i the position of the two masses. κ is the spring constant
of the spring that is connecting the two masses. If one of the masses in Fig. 1.11 (a) was
p
fixed instead, the other oscillator would have eigenfrequencies ωi = (C i + κ)/m. With
the spring connecting the two masses, we seek solutions to this coupled system in the
form x i (t ) = x i (0)e −i ω± t . Using Eq. (1.28) and writing the set of coupled equations in
matrix form yields:
·
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−ω2± + ω21
κ

κ
−ω2± + ω22

¸·

x 1 (t )
x 2 (t )

¸
= M x = 0.

(1.29)
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Figure 1.11: Three coupled systems are depicted schematically. (a) Shows two coupled
masses on springs. The coupling a two level system to light in a cavity is illustrated in (b)
for the case of a Fabry-Pérot cavity, and in (c) for a plasmonic particle array supporting
SLRs. (d) Frequency squared (ω2 ) for two uncoupled oscillators as a function of the
difference in spring constants (∆C = C 2 − C 1 ), while keeping C 1 = C 0 fixed. The gray
dashed lines show the case for no coupling (κ = 0) while the black curves show ω2 for
the case when κ = 0.1 ·C 1 . The avoided crossing visible at ∆C = 0 is characteristic for any
system of strongly coupled oscillators.

Then, the solutions for ω± can be found by making the determinant equal to zero,
·
¸
q
1 2
ω2± =
ω1 + ω22 ± (ω21 − ω22 )2 + 4κ2 .
(1.30)
2
In Fig. 1.11 (d) we plot the frequencies of the two oscillators where one of the spring
constants is kept fixed at C 1 = C 0 and the other spring constant is varied. When the
coupling (κ) is zero, the frequencies are equal at ∆C = 0 (gray dashed curves). More
interesting is the case when the two oscillators interact (κ = 0.1 · C 1 ). In this case, we
see that the frequencies no longer intersect (black curves). Instead, an avoided crossing
is visible, corresponding to two new eigenfrequencies of the coupled oscillators. The
energy splitting at ∆C = 0 is called the normal mode splitting and is proportional to the
coupling strength κ:
ω2+ = ω2c + κ,

(1.31a)

ω2− = ω2c − κ.

(1.31b)
p
where ωc = 1/ (C + κ). The energies of these new modes depend on the interaction
strength (κ) between the two oscillators and cannot be described by the properties of
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one oscillator alone. The coupled system can therefore no longer be described by the individual oscillators, but should be described as a system consisting of two hybrid modes.

1.4.3 Quantum Mechanical Description of Strong Light-Matter Coupling
Analogous to the two masses on a spring, strong light-matter coupling can be described
as two coupled oscillators, where the cavity field is treated as one oscillator and the exciton transition as the other. The coupling between the exciton and cavity is provided by
the process of light emission and absorption, transferring the energy from one oscillator
to the other. It is often very useful to keep this analogy in mind when describing strong
coupling.
However, to be able to model the dynamics of a strongly coupled system down to
the molecular level, a more accurate description is required. A quantum mechanical
description of strong light-matter coupling was developed in 1963 by Jaynes and Cummings. [100] Their theory describes the interaction of a two-level system with a single
cavity mode in the framework of cavity quantum electrodynamics. The two level system
approximates a molecule with a ground state |g 〉 and excited state |e〉, and the cavity has
a resonance energy of ħωcav . The Hamiltonian of this system is
Ĥ t ot = Ĥexc + Ĥcav + Ĥi nt ,

(1.32)

where Ĥexc , Ĥc av and Ĥi nt are the Hamiltonians describing the exciton, the cavity and
their interaction, respectively. [84] As long as the cavity and two-level emitter energy
are similar and the interaction strength is much smaller than these energies, the rotating wave approximation, ignoring fast oscillating terms, can be applied. The remaining
Hamiltonian becomes
1
Ĥ t ot = ħωexc σ̂z + ħωcav (â † â) + g 0 (â † σ̂ + â σ̂† ).
(1.33)
2
Here, σ̂z is the Pauli matrix, measuring the energy of the state, σ̂ and σ̂† are the operators
corresponding to the annihilation and creation of an excitation in the molecules and the
operators â and â † annihilate and create a photon in the cavity. The coupling between
the cavity and a single molecule is given by g 0
s
ħω
·
g 0 = µ u cav
,
(1.34)
²e f f V
where µ is the transition dipole moment of the exciton transition in the molecule and
u c av the unit vector indicating the direction of the cavity field. V is the mode volume
and ²e f f the effective permittivity of the material in the mode volume.
The solutions to this Jaynes-Cummings Hamiltonian are a linear combination of the
photon in the cavity and a ground state molecule (|g 〉 |1〉) and the excitation of the
molecule in the absence of a photon (|e〉 |0〉).
ΨLP = αLP |g 〉 |1〉 + βLP |e〉 |0〉 ,
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ΨU P = αU P |g 〉 |1〉 + βU P |e〉 |0〉

(1.35b)

This solution only applies to a single molecule in the cavity, while for strong coupling
with a molecular crystal, we are interested in the collective coupling of many molecules
(N ) to a cavity mode. The many molecule system is described by the Tavis-Cummings
Hamiltonian, [101] where a spin operator Ŝ is introduced that accounts for all molecules
P
in the cavity S = iN=1 σ̂. [102]. Through the Holstein-Primakoff transformation, [103] the
operator Ŝ is rewritten as bosonic operators b̂ and b̂ † , to treat the system as one large
oscillator.
N
(1.36)
Ĥ t ot = ħωexc (− + b̂ † b̂) + ħωc av â † â + g (â † b̂ + â b̂ † ),
2
p
where g is scaled with the square root of the number of molecules (g = g 0 N ). The solutions for the new eigenstates of this system are found for the case of only one excitation
in the system, which corresponds to either one molecule being excited and no photon
in the cavity or all molecules in the ground state and a photon in the cavity. This leads
to N+1 eigenstates, consisting of an upper polariton and a lower polariton and N-1 dark
states,

ΨK =

N
X
i =1

αKi |g 1 , g 2 , ..., g i , ..., g N −1 ,G N 〉 |1〉 + βKi |g 1 , g 2 , ..., e i , ..., g N −1 ,G N 〉 |0〉 .

(1.37)

The dark states do not couple to the photon mode and are therefore at the same energy
as the bare uncoupled molecules. The coupling of the molecular bright state to the cavity
leads to an upper polariton (UP) and lower polariton (LP) at energies
·
¸
q
1
2
2
EU P /LP =
ħ(ωexc + ωcav ) ± 4g + (ħωexc − ħωc av ) .
(1.38)
2
The Rabi-splitting corresponds to the minimum energy splitting between the UP and LP,
which is the case when the bare cavity mode and exciton are at the same energy (ħωexc =
ħωc av ):
EU P − E LP = g =

p

N g0; ,

(1.39)

the coupling
p with many molecules thus results in an increase of the Rabi-splitting by a
factor of N , compared to the case of single molecule strong coupling. This, however,
goes at the cost of a reservoir of dark states, that do not interact directly with the cavity
mode. The exact role of the dark states in strong coupling is however still subject to
investigations. [104–106]

1.4.4 Experimental Observation of Strong Light-Matter Coupling
When experimentally investigating strong light-matter coupling, we often look at the extinction (defined as 1-transmission) spectrum of the system. If the coupling between the
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cavity mode and the exciton transition is strong enough, this will result in the formation
of the new eigenmodes, called the upper and lower polariton bands. Since the cavity
mode is dispersive, the angular dependent extinction spectra should show an avoided
crossing of the lower and upper polariton bands at the exciton energy. This behavior can
be modeled with a coupled harmonic oscillator Hamiltonian. [107] Parameters, such as
the Rabi splitting, cavity losses and exciton losses, are treated phenomenologically by
fitting the Hamiltonian to the experimental data [107]
·
H=

E cav − i γcav
g

g
E exc − i γexc

¸
,

(1.40)

where E c av and E exc are the energies of the uncoupled (bare) cavity and excitons associated with the losses γcav and γexc . g is the coupling rate between the excitons and the
cavity, which is a function of the strength of the dipole moment (µ), the number (N ) of
the excitons, and the properties of the cavity mode (Eq. (1.39) and (1.34)).
The eigenvectors and eigenvalues can be found by diagonalizing this matrix such that
H = P DP −1

(1.41)

where P is the basis, consisting of the eigenvectors of H, and D is a diagonalized matrix
with the eigenvalues on the diagonal, corresponding to the energies of the polaritons.
The resulting polariton energies are

ħω± =

·
¸
q
1
E c av + E ex − i (γcav + γexc ) ± 4g 2 + (E c av − E ex + i (γc av − γexc ))2 .
2

(1.42)

The avoided crossing will become visible once the energy splitting at the point where
E c av = E exc becomes larger than the average width of the bare modes (i.e. losses of the
modes). This condition is often defined as the onset of strong coupling. [108]
γexc + γc av
.
(1.43)
2
By fitting the eigenvalues of the Hamiltonian to the experimental dispersion of the
coupled system, we obtain the basis matrix P containing the eigenvectors. The
eigenvectors correspond to the Hopfield coefficients that describe the constitution
of the hybrid modes in terms of their uncoupled cavity mode and exciton.
ħΩ = 2g > ħ

1.5 Outline of this thesis
In this thesis we study the excited state dynamics in tetracene and the coupling of the
excited states in tetracene to SLRs in plasmonic cavities. The final goal of the research
is to answer the question if strong coupling can be used to change and improve the
properties of organic materials. In the current chapter, we have reviewed the most relevant physical properties of excitons in organic materials, we have described the basic
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concepts of SLRs in plasmonic nanoparticle arrays, and we have explained strong lightmatter coupling. In Chapter 2, we will discuss the experimental techniques and present
the design and characterization of the optical setups that were developed to be able to
perform the experiments presented in Chapters 3-6 of this thesis. Before we start to
investigate the properties of the coupled system, we first focus on the bare tetracene
crystal. In Chapter 3, we investigate the transport of singlet and triplet excitons in the
crystals and find an anomalous negative effective diffusion for triplet excitons. This
phenomenon is explained by a diffusion model incorporating the excited state dynamics
of tetracene. In Chapter 4, we combine plasmonic lattices and tetracene crystals, and
show how we can tune the Rabi splitting by changing the relative orientation of the dipole
moments in the tetracene crystals with respect to the cavity. This technique allows us to
tune the coupling strength from the weak to the strong coupling regime. In Chapter 5,
we investigate the excited state dynamics of strongly coupled tetracene and compare
it to uncoupled tetracene. We find that the splitting of the exciton and cavity energies
into a lower and upper polariton band results in an increase in the delayed fluorescence
from the tetracene. We explain this enhancement by the transfer of long-lived triplet
states to the lower polariton band. In Chapter 6, we use Fourier microscopy to study
the propagation of the excitons that are coupled to the collective SLRs. These coupled
polaritons have a propagation length up to 9 µm for polaritons with a very low exciton
fraction. Even polaritons with an exciton fraction of 50% show a propagation length of
approximately 5 µm, which is two orders of magnitude longer than the singlet exciton
propagation length.
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C HAPTER 2
E XPERIMENTAL S ETUPS AND
M ETHODS
This section will introduce the optical techniques used for the investigation
of various samples in this thesis. The three techniques that are discussed are
Fourier microscopy, transient fluorescence microscopy and transient absorption
microscopy. Since the setups are to a large extent custom made, each of them is
characterized in detail. The last section of this chapter describes the growth of the
tetracene crystals.
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2.1 Extinction Measurements
By measuring the transmission of white light through a sample, we can learn about the
different types of optical interactions of the sample. In such an experiment, the main
mechanisms resulting in a reduction of the light intensity are absorption, reflection
and scattering (including diffraction). The total reduction of the intensity, defined as
1-transmission, is called extinction. These measurements will be used in this research to
probe the electron transitions in thin films of organic semiconductors, the resonances
in optical cavities and the interaction of the semiconductors with the resonances of the
cavities.
In Chapter 1, we concluded that the optical cavities have resonances which depend on
the angle and polarization of the incident radiation. It is therefore important to measure
the angle dependent behavior when characterizing those samples. Furthermore, a characteristic feature of strongly coupled samples is an avoided crossing of the lower and
upper polariton band, at the point in momentum-space where the bare cavity dispersion and the excitonic mode would overlap. These avoided crossings can be measured
by recording the angle dependent extinction of the coupled system, and the coupling
strength can then be retrieved by fitting the dispersion.

2.1.1 Rotational Setup
The most straightforward way to measure the angle dependent extinction of a sample is
by rotating a sample while measuring the zeroth order transmission of a collimated white
light source through the sample. The light source is polarized using a polarizing filter and
the transmitted light is collected by a fiber coupled spectrometer (OceanOptics 2000+)
and referenced to the transmission of an empty (reference) sample. A typical extinction
plot of a TE-polarization of a plasmonic cavity is shown in the left panel of Fig. 2.1 (a).
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Figure 2.1: (a) Comparison of extinction measurements by the Fourier microscope and
the rotational setup. The left panel shows the extinction of a silver nanoparticle array
(340x240 nm2 ) as measured by the rotational setup, the right panel shows the extinction
as measured by the Fourier microscope. (b) Calibration measurement of a transmission
measurement in the Fourier microscope. The red dashed curves show the calculated
dispersion of the diffraction orders. (c) Measurements at different angles obtained from
the extinction map in (a).
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Figure 2.2: Schematic representation of the Fourier microscope. For extinction
measurements, a collimated white light source is focused on the sample. The transmitted
light is collected by a second objective and passed through a 4f system with an imaging
plane in the common focal point. A pinhole can be placed into this intermediate imaging
plane that can be used to filter the light spatially. The light is collected thought a vertical
slit, sending it via a spectrometer to an electron multiplying CCD (EM-CCD) camera.
For fluorescence measurements, the white light source is replaced by a laser and the
emission is collected through a long-pass filter and polarizing filter.

2.1.2 Fourier Microscope
The rotational setup is an inadequate setup to measure the extinction of smaller samples
because the diameter of the collimated light beam is too large (∼1 mm). Therefore, we
use a Fourier microscope to measure small samples (Fig. 2.2). The Fourier microscope
is operated in transmission mode, where the sample is illuminated by focusing a polarized and collimated white light with a 0.6NA objective lens (Nikon CFI S Plan Fluor
ELWD), yielding a spot size of ∼20 micron. The transmitted light is collected by a 0.7NA
objective (Nikon CFI S Plan Fluor ELWD). The light is then focused at an intermediate
imaging plane by a f=200 mm lens, which is converted to a Fourier plane at the slit of the
spectrometer by a f=150 mm lens. The spectrometer (Princeton Instruments SP2300) is
connected to a camera (Princeton Instruments ProEM:512), which allows the mapping
of the dispersion as a function of energy and angle.
To calibrate the pixels of the CCD-camera in the Fourier plane to their corresponding
angles, we measure a reference transmission grating (GT25-03, Thorlabs) with a period
of 300 lines per mm. Figure 2.1 (b) shows with the red dashed curves the diffractive
orders (DOs), as calculated by si n(Θ) = mλ
d , where d is the spacing of the grooves and
m the order of diffraction. The color map shows the measured DOs (normalized to their
maxima), where the angle is linearly scaled to achieve the best match to the calculated
DOs. At high angles and longer wavelengths, the experimental and calculated DOs are
slightly off, which is likely caused by chromatic aberrations. Otherwise, the two match
very well, indicating a good alignment. The good alignment is further stressed when the
Fourier measurements are compared to the rotational setup by measuring the extinction
of a plasmonic particle array in both setups (Fig. 2.1 (a)). The measurements of the
dispersion at an angle of 0◦ , 10◦ and 20◦ (Fig. 2.1 (c)) display an excellent match of both
the spectral and angular resolution of both setups, as well as the angular dispersion. The
very small difference in energy (6 meV) of the peaks in the measurements at 10◦ is within
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the acceptable tolerance and is due to slight misalignment or spherical aberrations in the
optics.
Over the course of this thesis, we will plot the angle resolved extinction and fluorescence measurements as a function of wave vector instead of angle, since the determination of the Rabi-splitting at constant angle results in an overestimation. [109] The angle
resolved data can be converted to a dispersion as a function of the wave vector parallel
to surface by k || = cω0 sin(θ), where c 0 is the speed of light in vacuum, ω the angular
frequency of the light, and θ the angle of incidence.

2.1.3 Angle Dependent Fluorescence Measurements
By changing the white light source to a laser (450 nm CW) and adding a long-pass filter
after the objective lenses, the Fourier setup also allows for angle resolved fluorescence
measurements. By placing a pinhole in the imaging plane after the tube lens, we can
spatially filter the fluorescence that is emitted from the sample. When we use a 60x magnification and a 200 mm focal length tube lens, a pinhole of 400 µm in the intermediate
imaging plane corresponds to a spot on the sample of ∼ 6.7µm. In this configuration
we can measure a dispersion map of very small samples or collect the emitted light at
a distance from the excitation point. This spatial filtering of the Fourier plane in the
intermediate imaging plane will be employed to measure exciton-polariton propagation
in Chapter 6.

2.2 Confocal Microscopy
Confocal microscopy is a special form of optical microscopy, where instead of illuminating the entire field of view of an objective lens, a focused laser beam is scanned over the
sample by two galvo mirrors, followed by the collection of the fluorescence (or reflected
light) on a photodiode. To increase the spatial resolution, a pinhole is placed in the
collection beam path to only transmit the fluorescence originating from the focal plane
of the objective lens. By recording the intensity as a function of the position of the
galvo mirrors, an image of the sample is created. For measurements of exciton diffusion,
we want to image the excitons generated by the laser excitation instead of imaging the
sample. To achieve this, our microscope (Ti-E Eclipse C2, Nikon) is extended with an additional beam path through which the laser is focused on a fixed location on the sample.
To image the exciton cloud, the galvo mirrors are scanned and the collected light is send
to the detector (Fig. 2.3).

2.2.1 Transient Fluorescence Microscopy (TFM)
To measure the lifetime of a material we need a pulsed excitation of the material followed
by a time resolved detection of the fluorescence. We use a femtosecond Ti:Sapph oscillator (MaiTai, SpectraPhysics) combined with an OPO (Inspire, Radiantis) as an excitation
source, giving access to wavelengths between 350 nm and 1040 nm. Depending on the

34

2.2 Confocal Microscopy

Laser oscillator - 80 MHz

OPO

Pulse Picker
0.9 NA

Pulse Picker Driver
in: 80 MHz
out: 500 kHz

TCSPC

y

SPAD

x

Figure 2.3: Schematic representation of the transient fluorescence microscope (TFM)
setup. A 80 MHz repetition rate laser, from a Ti:Sapph oscillator is tuned to a desired
wavelength by the OPO. Then, the repetition rate is down-sampled to a desired frequency
based on the exciton lifetime. For fluorescence lifetime imaging, a scanned excitation is
required and the laser is send to a fiber that is connected to the scanning galvo mirrors.
For diffraction limited excitation, the laser is expanded by two lenses to fill the entire
back focal plane of the objective lens. A high NA objective lens focuses the laser on the
sample and the fluorescence is collected in reflection and sent via the scanning head to
either an avalanche photodiode or TCSPC detector.

investigated material, we add a pulse Picker (APE PulseSelect Dual) in the beam path
to reduce the repetition rate of the laser from 80 MHz down to any rate compatible to
the excited state lifetime of the material (usually 100s of kHz). For detection of the time
resolved photoluminescence (TRPL) the emission from the sample is collected by a time
correlated single photon counting (TCSPC) module (TimeHarp 300, Picoquant) triggered
by the driver of the pulse picker. The temporal resolution of the system is approximately
50 ps, as is determined by measuring the the response of the TCSPC to an ultrafast laser
pulse at 570 nm (Fig. 2.4).

(b)100

0.8

PL (norm.)

PL (norm.)

(a) 1
0.6
0.4
0.2
0

0

0.1

0.2 0.3
Time (ns)

0.4

0.5

10-2
10-4
10-6
0

2

4

6
8
Time (ns)

10

12

Figure 2.4: (a) Instrument response function (IRF) of the TCSPC system showing a full
width at half maximum (fwhm) of 45 ps. (b) IRF on longer timescales. The peaks
around 4 ns correspond to internal reflections in the laser beam path, the background
signal corresponds to the dark counts. The measurement is performed by detecting the
reflection of a 150 fs pulsed laser at 570 nm.
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2.2.2 Exciton Diffusion Measurements
To measure the diffusion of excitons as a function of time after excitation, we combine
TFM with the spatial detection of emission after excitation with a fixed laser. This method
results in a 3D matrix (x,y,t) with a lifetime for each pixel or, equivalently, an image for
each time interval after excitation. If the excited states diffuse through the material, we
observe an increase of the spot size. The dimensions of this detected spot are given by
the convolution of the point spread function (PSF) and the actual spot:
I (x, y, t ) = n S (x, y, t ) ∗ f P SF (x, y).

(2.1)

We determine the PSF by imaging the emission of a fluorescent bead with a diameter of 175 nm (PS-Speck, Green fluorescent microspheres (Component B), 505/515 nm
excitation/emission maxima) under wide field UV illumination. The full width at half
maximum (fwhm) of the measured spot is found to be 337 nm and 338 nm in the xand y-direction, respectively (not shown). These values are less than 10 nm above the
theoretical minimum resulting from the convolution of a 175 nm wide step function and
a diffraction limited PSF=290 nm ( 2Nλ A ).
The spot size of the focused laser excitation on a homogeneous layer of emitters can
be approximated as a two dimensional Gaussian function
G(x, y) = Ne

−

x2
2σ2
x

−

y2
2σ2y

,

(2.2)
p
where σ is the variance of a Gaussian (related to the fwhm by fwhm=2 (2l n(2))σ) and
N the maximum amplitude of the Gaussian. Since the variance of two convoluted Gaussians is additive (Eq. 1.12), the variance of the detected spot σD along a given direction
yields
σ2D (t ) = σ2exc (t ) + σ2P SF ,

(2.3)

where σexc (t ) is the variance of the exciton distribution at a time t after excitation. The
change in the variance of the spot size is, therefore, independent of the initial size of the
excitation area
∆σ2exc (t ) = σ2D (t ) + σ2D (0).

(2.4)

For a material with a time independent diffusion constant and single exponential exciton decay, the diffusion constant is obtained by solving the diffusion equation for an
initial Gaussian distribution, [110] followed by fitting the solution to the variance of the
measured exciton distribution as a function of time as described in Section 1.2.7
D=

σ2D (t ) + σ2D (0)

.
(2.5)
2t
Even though the minimum spot size is diffraction limited, the minimum detectable
change in the spot size can be well below the diffraction limit. The minimum detectable
broadening of a Gaussian profile is only limited by the signal to noise ratio of the setup.
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To estimate this minimum sensitivity, we used a sample consisting of a dye (Lumogen
Green) dispersed in a PMMA matrix. Lumogen green emits at a similar wavelength as
the singlet excitons in tetracene, making this dye a suitable material for the calibration
of the setup. By taking a low dye concentration (∼ 1%/w t ) and low excitation density
(1016 cm−3 ), we suppress exciton-exciton annihilation and diffusion of excitons to other
molecules, which enables the determination of the spatial precision of the microscope
to measure the broadening of the fluorescence profile.
Figure 2.5 (a) shows the images of the excited area of the Lumogen Green film for
different times after excitation. As shown in Fig. 2.5 (b), the decay is single exponential,
indicating the absence of exciton-exciton annihilation as a decay mechanism. In Fig. 2.5
(c), the evolution of the fwhm of the fluorescence image, measured at different times after
excitation, is plotted along two orthogonal directions. The asymmetry of the excitation
spot of ∼5% could be due to the laser excitation. During the first 5 ns, the variation in the
fitted fwhm is smaller than 5 nm compared to the spot size at t=0. The measured fwhm is
increasing at longer times. This increase could be due to the lower signal at longer times,
or due to emission and reabsorption of photons from the initial excitation profile resulting in an actual broadening of the singlet distribution. From these measurements, we
conclude that we can detect a broadening of the signal down to ∼ 10 nm. Characteristics
of the TFM are summarized in Table 2.1.
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Figure 2.5: (a) Images of the emission from the Lumogen Green dye in PMMA for three
different delay times with the number of counts normalized to the maximum. (b) TRPL
integrated over the entire image. Despite this large decrease in signal over 25 ns, the
broadening of the spot obtained by a Gaussian fit stays within 10 nm, as shown in (c).
The horizontal error bars indicate the integration of a number of time intervals, while
the vertical error bars are the errors obtained from the Gaussian fit to the intensity by the
MatLab ’fitnlm’ function
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Table 2.1: Characteristics of the Transient Absorption Microscope (TAM) and Transient
Fluorescence Microscope (TFM).

Measurement
parameter:

TAM
Change in absorption (singlets and
triplets)

TFM
Fluorescence
(singlets)

Temporal resolution:

200 fs

50 ps

Temporal range:

2 ns

2 µs

Spatial sensitivity:

20 nm

10 nm

Excitation density:

> 2 · 1018 cm−3

> 5 · 1016 cm−3

For the next calibration step, we measure the diffusion of triplet states in a rubrene
crystal by monitoring the emission from singlet states formed by triplet-triplet annihilation. We use rubrene for its long triplet diffusion between 1 and 4 µm. [36, 111].
As triplet-triplet annihilation (TTA) requires two triplet excitons, the measured singlet
distribution, at long times after photo excitation is related to the triplet distribution by
NS ∝ k T T A NT2 . Since the excitation has a Gaussian shape, the square of the variance of
the detected Gaussian of singlet states σS is half the variance squared of the triplet states
(σ2S = 21 σ2T ). [37]
Figure 2.6 shows the time resolved measurements of the expansion of the exciton cloud
on a single crystal of rubrene. Due to the packing of the crystal, the diffusion is very
anisotropic, as is clear from the images in Fig 2.6 (a) and the cross sections along the slow
and fast axis in Fig. 2.6 (c) and (d). The broadening, expressed as σS (t )2 −σS (0)2 increases
linearly with time, indicating normal time independent diffusion (Fig. 2.6 (e)). Fitting
the broadening with Eq. (2.4) and correcting for the fact that we detect the singlet states
formed by TTA, we obtain a diffusion constant D f ast = 8.6 · 10−3 cm2 s−1 and D sl ow =
3.0 · 10−4 cm2 s−1 . The diffusion length can be calculated from the diffusion constant D
and the triplet lifetime τ, according to
p
L D = τD.
(2.6)
From an estimation of the triplet lifetime of τ ∼ 1.5µs (red dashed line in Fig. 2.6 (b))
we calculate a diffusion length of 1500 nm, in agreement with values reported in literature. [36, 111] It should be noted however that since the triplet lifetime depends on the
triplet concentration, it is not possible to give a general value for the triplet diffusion
length.

2.3 Transient Absorption Spectroscopy and Microscopy
As discussed in the previous section, fluorescence microscopy can be used to image
excited states that emit light or bright states. Dark states, such as triplet states, can not
be measured directly using fluorescence techniques. As we have seen in the previous
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Figure 2.6: (a) Images of the emission from a single crystal of rubrene at three time
intervals after laser excitation. (b) TRPL data and fit corresponding to a lifetime of 1.5
µs. The anisotropy of the diffusion is very clear from the cross section of the emission
images in (a) along the slow and fast diffusion axes, as shown in (c) and (d), respectively.
In (e) the increase of the variance squared along the two directions is plotted, together
with a linear fit to the data.

section, these states can be measured indirectly when they are converted to bright states
by triplet triplet annihilation. To have direct access to the dynamics of the non-emitting
states, we use transient absorption spectroscopy. Transient absorption spectroscopy
(TAS) is a pump-probe technique that measures the change in absorption of a material
upon photo-excitation. The change in absorption is usually normalized to the absorption of the non-excited molecules and expressed as ∆A/A.
In contrast to ground state absorption spectroscopy, TAS is (mainly) sensitive to the
following three processes: 1) the absorption of photons by molecules in an excited state,
called excited state absorption (ESA), for example from an excited triplet state to a higher
lying triplet state, which is detected as an increase of the absorption (positive ∆A); 2)
stimulated emission (SE), resulting in a higher detected intensity and therefore a negative
∆A; and 3) the reduced absorption (negative ∆A) due to the lower number molecules
in the ground state, called ground state bleaching (GSB). All of the above processes
have their own spectral features, as schematically shown in Fig. 2.7. To study these
excited state dynamics, the transient signal can be measured as a function of time after
photo-excitation by changing the time delay between the arrival of the (ultrafast) pump
and probe pulse. The temporal resolution of the microscope is therefore determined by
the duration of the laser pulse, while the temporal range is determined by the length of
the delay stage. From the decay time of the signal at different energies, we can assign
different excited state processes to the different spectral features and extract the rates
between the excited states.
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Figure 2.7: Schematic representation of the processes that are probed by transient
absorption microscopy. The yellow arrow in (a) and yellow area in (b) represent the
absorption of light by an excited state. The red arrow in (a) and red area in (b) represent
the effect of stimulated emission. The blue-dotted arrow in (a) and blue area in (b) are
the reduced absorption due to the lower number of molecules in the ground state. The
total transient signal, as measured by a TAS experiment, is given by the black curve in (b)

2.3.1 From Spectroscopy to Microscopy
Broadband TAS gives spectral information, but generally does not provide high spatially
resolution. To gain information about the diffusion of excited states, high spatial resolution is required and, therefore, we use a high NA objective to focus the pump on the
sample. Instead of a broadband white light as probe, we use a probe laser that is tuned to
the energy of a desired excited state. We scan the probe over the sample to measure the
change in transmission as a function of the distance between the pump and the probe. By
varying the time delay between the pump and the probe as well, images of the diffusion
of excitons can be made.

2.3.2 Implementation of the Transient Absorption Microscope
Depending on the material under investigation, the pump and probe wavelength have to
be selected accordingly. Tetracene has a broad ESA band around 820 nm corresponding
to absorption of both singlet and triplet states to higher energy levels. [112, 113] We,
therefore, choose the 820 nm output of the Ti:Sapph oscillator (MaiTai, 80 MHz 150 fs) as
probe beam and use its second harmonic at 410 nm as a pump (generated by an Inspire
OPO), as schematically depicted in Fig. 2.8. Since triplet states in tetracene have long
lifetimes (µs), the repetition rate of the laser is reduced to 100 kHz by a pulse picker
(APE pulseSelect Dual). For a better signal to noise ratio, the pump beam is chopped at
50 kHz by an acousto-optic modulator (Gooch and Housego, I-M110-2C10B6-3-GH26)
such that the difference in probe intensity between ‘pump on’ and ‘pump off’ can be
detected for two subsequent pulses. The probe beam is sent through a delay stage with 2
ns traveling length (NewPort) and XY-galvo scanners (Thorlabs, GVS012), controlled by a
data acquisition card (NI-DAQ USB-6366). The Pump and probe beams were merged by
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Figure 2.8: Schematic representation of the transient absorption microscope. A Ti:Sapph
oscillator generates 150 fs pulses at 80 MHz that are used as the probe beam. The pump
beam is generated either by second harmonic or by an optical parametric oscillator
(OPO). The repetition rate of both the pump and probe laser is reduced to 100 kHz by
two pulse pickers. Then, the pump beam is send to an acoustic optical modulator that
pick out every other pulse. The probe beam is send through a delay stage and is scanned
with respect to the pump beam by X-Y galvano mirrors. Both pump and probe beam
are focused on the sample by a 0.95NA objective. The signal is detected by a photodiode
(PD1) and is referenced to the probe before the sample, detected by PD2.

a dichroic mirror and focused on the sample with a 0.95NA objective (Leica apochromat
100x). The transmitted light is collected by a 0.85NA objective (Nikon Plan LWD 100x).
Laser scanning of a test target (1951 USAF, 2.19µm per line) yielded a resolution of
460 nm, which is within 10% of the diffraction limit ( 2Nλ A = 432 nm) for a laser beam
with a wavelength of 820 nm and a 0.95NA objective (See Fig. 2.9). The read out of the
photodiodes by the NI-DAQ is triggered by the TTL signal from the pulse picker driver
after a delay of the pulse to read out the photodiode signal at the maximum voltage. In
this configuration, the maximum intensity of the laser pulse is detected at a rate of 100
kHz.
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Figure 2.9: (a) Wide field reflection measurement of a 1951 USAF resolution test target
consisting of a gold structure with 2.19 µm per line on a glass substrate. The 820 nm laser
spot near the target is visible as a white/pink spot. (b) Extinction map (1-transmission)
of a region of the target by scanning the probe across the target. (c) Horizontal line scan
of (b). (d) Absolute value of the derivative of the extinction with respect to position for
the 5 edges in Figs. (b) and (c). We obtain the spatial resolution of the setup by fitting the
derivatives with a Gaussian function to obtain a full-width at half-maximum of 460 ± 5
nm.
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2.3.3 Laser Noise Analysis
Since the noise of the laser and the detection is usually larger than the signal (∆T ), an
averaging method is required to extract useful information from the data. This averaging
is often done with a Lock-In amplifier, but we employ here a technique described by
Werley et al. [114] using a National Instruments Digital-Analogue converter (NI-DAQ) to
acquire the intensity of individual laser pulses followed by digital filtering of the signals.
This method has the advantage that it may decrease the dwell time between different
measurement points and allows for a full quantification of the noise. [114]. To analyze
how the noise of our measurement evolves after several digital signal processing steps,
we measure 105 probe pulses at the sample position, as is shown in Fig. 2.10. The left
column of the figure, shows the Fourier transformed spectra of the signal and the noise,
while the right column shows the histograms of the signal with respect to the mean. The
noise spectrum is very useful to determine the frequency components of the laser noise
and reveals the frequencies with the large noise that should be avoided for pump modulation. [114] The raw data, consisting of the peak intensity of 105 laser pulses, is shown in
(a) and (b). In (c) and (d), each pulse is divided by the subsequent pulse, filtering out low
frequency noise and mimicking chopping in a transient measurement. The frequency
spectrum now only extends up to 25 kHz, because pairs of pulses are combined to generate a signal at half the frequency. In (e) and (f ), we apply balanced detection by dividing
each pulse intensity by the intensity of the same laser pulse measured by the second
different photodiode. This results in an order of magnitude improvement of the signal to
noise ratio, indicating that the intrinsic laser noise (instead of electronic noise) is indeed
the reason for the spread in the signal intensity in (a-d). The noise is further reduced
in (g) and (h) by combining the chopping and the balanced detection. Finally, we can
improve the signal to noise ratio significantly when we average over more data points, as
is done in (i) and (j) for 500 data points (5 ms integration time). When integrating longer,
the root mean square of the signal to noise ratio should scale as R M S ∝ p 1 , with N the
(N )
number data points we are averaging over.
The calibration measurement described above gives an upper bound to the sensitivity
of the setup, however, an actual measurement is also affected by the stability and repeatability of the galvo scanners and laser pointing stability. To determine the sensitivity
of the TAM, i.e., the minimum differential transmission that can be measured, we have
performed measurements at low excitation powers, shown in Figs. 2.11 (a) and (b) for
pump pulse energies of 3 and 30 fJ respectively. The measurement is performed on
a ∼ 200 nm thin tetracene crystal without scanning the probe laser. Each data point
is integrated for 1.6 seconds, which corresponds to 8 · 104 pulse pairs. The red data
points show the average of these data points and the blue shaded area corresponds to
the standard error of the mean (= Stp.Dev ). From these measurements, the minimum
N

sensitivity is estimated to be on the order of 10−6 , while the temporal resolution is ∼200
fs, obtained from the rise time of the signal at t=0. To determine the spatial sensitivity as
well, we increase the pump power to 30 fJ, and scan the probe laser in the x-direction
while keeping the pump beam and time delay fixed. The resulting cross sections of
six repeated measurements are shown in Fig. 2.11 (c), where the data points nearly
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Figure 2.10: The left columns show the Fourier transforms of the signal, while the right
columns show the histograms of the signal. (a) and (b) raw data i.e. the measured peak
intensity of 105 laser pulses by one photodiode. In (c) and (d) each pulse is divided by
the subsequent pulse. (e) and (f) balanced detection i.e. dividing each pulse intensity
by the intensity of the same laser pulse measured by the other photodiode. The noise
is further reduced in (g) and (h) by combining the chopping and the balanced detection.
Finally, we improve the signal to noise ratio significantly when we average over more data
points as is done in (i) and (j) for 500 data points (5 ms). For visibility, the amplitude of
the Fourier spectra is multiplied by the value indicated at the y-axis of the of the figures.

overlap. The fwhm from Gaussian fits are shown in Fig. 2.11 (d). From the standard
deviation of the measured fwhm, we estimate a minimum spatial precision of ±20 nm.
The characteristics of the TAM are summarized in Table 2.1.

2.3.4 Measurement of Exciton Diffusion in Tetracene
Transient absorption microscopy has been used to study the exciton diffusion in
tetracene crystals, where the observed expansion of the exciton cloud was explained
as cooperative transport of singlet and triplet excitons. [113] In this section, we compare
our measurements to the results of Wan et al., [113] as a benchmark of our system. In
their article, the tetracene crystal was excited at an exciton density of 2.5 · 1019 cm−3
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Figure 2.11: The transient signal resulting from a time scan with an an excitation power
of 3 fJ and 30 fJ pump energy are plotted in (a) and (b), respectively. (c) Transient
transmission, measured by scanning the probe laser beam over the pump beam. Six
scans are shown together with the corresponding Gaussian fits. (d) Fwhm of each of the
Gaussian fits of (c).

and a 810 nm probe. To compare the microscopes, we measure tetracene under similar
conditions, at an excitation density of 1019 cm−3 and probe wavelength of 820 nm. Figure
2.12 (a) shows the image of the exciton cloud for t=0, t=0.1 ns and t=2 ns after the pump
pulse. The cross sections along the x-direction for the same delay times are shown in Fig.
2.12 (b). The fitted broadening of the exciton cloud is shown in Fig. 2.12 (c). We observe
an increase of σ2 by 0.25 · 10−10 cm2 within 100 ps, followed by a slower expansion to
0.8·10−10 cm2 , which is in very good agreement with the results found by Wan et al. being
between 0.2·10−10 and 0.4·10−10 cm2 in the first 100 ps, and 0.6·10−10 and 1.1·10−10 cm2
after 2 ns. [113] These results assure that the transient absorption microscope is able
to measure the exciton clouds and is comparable to transient absorption microscopes
in the literature. A more elaborate analysis of the measured broadening of the triplet
distribution will be given in Chapter 3.
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Figure 2.12: (a) Images of the exciton cloud for different delay times after photoexcitation for an initial excitation density of 1019 cm−3 . The broadening is illustrated
by the cross sections along the x-direction shown as plotted in (b) together with the
Gaussian fits. (c) Evolution of the spot size as a function of time. (d) Maximum transient
signal at the center of the excitation spot as a function of time

2.4 Tetracene Crystal Growth
Tetracene crystals were grown by dissolving tetracene (99.99% Sigma-Aldrich) in toluene
until oversaturation. The solution was stirred on a hot plate at a temperature of 60 °C for
30 min inside a nitrogen glovebox. Afterwards, the solution was cooled to 40 °C, filtered
through a 0.22 µm PTFE filter (PerkinElmer), and drop casted immediately afterward
on the substrate. The resulting crystals are very thin (50–250 nm) compared to their
lateral size (50–500 µm). To determine the orientation of the strongest transition dipole
moment, we measure the crystal in a fluorescence microscope with a polarizing filter. A
strong emission is visible when the polarizer is oriented along the b-axis, while there is
only a weak emission for the perpendicular polarization as is clearly visible in the fluorescence images in Fig. 2.13 (a). Using a spectrometer to detect the polarized fluorescence
and absorption spectra, the anisotropy can be quantified. Figure 2.13 (b) shows with
the grey curves the fluorescence spectra of the tetracene crystals polarized along and
perpendicular to the b-axis, showing that almost all emission is polarized along the baxis. The solid-black curve in Fig. 2.13 (b) shows the extinction of the b-exciton in the
tetracene crystal with its absorption maximum at 2.38 eV, while the black-dashed curve
shows the extinction of the crystal when polarizer is oriented perpendicular to the b-axis,
showing the much weaker absorption of the a-exciton at an energy of 2.47 eV.
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2 Experimental Setups and Methods

(a) Polarizer along b-axis

Polarizer perp. to b-axis

b⊥

250 µm

PL intensity

600

Wavelength (nm
550
500
450
absorption b||

fluorescence b||

b
b

2

2.2

2.4

2.6

0.8

-log10(T)

(b)

b||

2.8

0

100 µm

Figure 2.13: (a) Fluorescence images of the tetracene crystal with the polarizer along
the b-axis (2 s integration time) and with the polarizer perpendicular to the b-axis (6
s integration time). (b) Emission and absorption spectra using a polarizer parallel and
perpendicular to the b-axis.
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C HAPTER 3
E FFECTIVE N EGATIVE D IFFUSION
OF S INGLET E XCITONS IN O RGANIC
S EMICONDUCTORS
We investigate singlet and triplet exciton diffusion in tetracene crystals, using
diffraction-limited ultrafast imaging techniques. Surprisingly, we find that
after photo-excitation of an exciton cloud, the distribution of the singlet exciton
narrows on a nanosecond time scale instead of spreading out over the crystal.
This narrowing results in an effective negative diffusion in which singlet excitons
migrate toward the high-density region, eventually leading to a singlet exciton
distribution that is smaller than the laser excitation spot. Modeling the excitedstate dynamics demonstrates that the origin of the anomalous diffusion is rooted
in non-linear triplet-triplet annihilation (TTA). We anticipate that this is a
general phenomenon that can be used to study exciton diffusion and non-linear
TTA rates in semiconductors relevant for organic optoelectronics.
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3.1 Introduction
Before we investigate tetracene crystals in the strong light-matter coupling regime, it is
important to understand the excited state dynamics in bare tetracene. As we discussed
in Chapter 1, tetracene is a promising material for enhancing Si solar cells because the
triplet excitons, generated by singlet fission (SF) in tetracene, may increase the solar cell
performance when they are transferred to the Si. [3, 5, 10, 11, 115–118] The singlet fission
in tetracene, results in a complicated excited state dynamics consisting of both singlet
and triplet states. A fundamental understanding of the combined excited state dynamics
and diffusion is required, to facilitate the design of SF solar cells that enhance the fraction
of the triplet states reaching the Si interface while limiting the number of transferred singlet states. Studying triplet and singlet excitons independently is challenging as different
techniques are required and singlets and triplets convert into each other through the
processes of SF and TTA.
In this chapter we image the diffusion of singlet and triplet excitons on timescales
from 200 fs to 2 µm by combining two microscopy techniques, transient absorption microscopy (TAM) and transient fluorescence microscopy (TFM). As discussed in Chapter
2, these techniques enable to distinguish different regimes of transport and are sensitive to different types of excitons: bright singlet excitons and dark triplet excitons. In
our TFM measurements of exciton diffusion we discovered that on intermediate time
scales (200 ps to 20 ns) the spatial distribution of singlet excitons narrows while TAM
measurements showed that the triplet distribution keeps expanding. Most interestingly,
this negative diffusion leads to singlet distributions that are narrower than the size of the
laser spot, enabling the generation of a singlet cloud with subdiffraction dimensions. At
first, the reason for this paradoxical behavior was not clear and in order to understand
it, we constructed a kinetic model of the tetracene excited state dynamics and exciton
diffusion. The aim of this chapter is to explain this anomalous behavior and get a better
understanding of the excited state dynamics.
In most cases, exciton diffusion is studied by indirect techniques, [36, 119–122] that
give only the average value of the exciton diffusion length. As we explained in Chapter
2, transient microscopy techniques may be used to probe exciton diffusion in space and
time. [123] These techniques generate excited states in a small region of the sample by a
focused laser pulse and measure how these excited states expand over time by diffusion.
TFM is sensitive to bright singlet states, [37, 124–129] while TAM probes both the diffusion of both singlets and triplets. [113, 130–136] In these measurements, the diffusion
constant can be obtained in the linear regime by fitting the excited area with a Gaussian
profile and extracting the variance as a function of time as described in Section 1.2.7.
This diffusion constant is given by
D=

σ2 (t ) − σ2 (0)
,
2t

(3.1)

where t is the time after excitation and σ is the variance of the Gaussian profile.
In literature, transient techniques have been used to study the exciton diffusion in
tetracene crystals on short time scales (140 fs-7 ns) with TAM [113, 134] and on long
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time scales (100 ns to 7 µs) with TFM, [37] giving contradicting results. While the TAM
measurements show a broadening of the spatial profile by 105 nm2 in less than 2 ns, [113]
the same broadening is seen after more than 200 ns when measured with TFM. [37] We
present TAM and TFM measurements and unify the different regimes of exciton diffusion in tetracene and reconcile the discrepancies by demonstrating the important role
of nonlinear triplet-triplet annihilation in exciton transport. Our results emphasize that
the extensively used Eq. ( 3.1) should be avoided for the quantitative interpretation of
transient measurements where non-linear contributions can be significant.

3.2 Measurements of Exciton Diffusion in Tetracene
Tetracene crystals were prepared as described in Section 2.4. This resulted in thin crystals
with relatively large lateral dimensions. The spatial evolution of the fluorescence, emerging from singlet excitons and measured with TFM, is shown in Fig. 3.1 (a). The images
at 200 ns and 600 ns after excitation show the anisotropic diffusion along the fast and
slow axes in the tetracene crystal. To quantify the diffusion, the profiles are fitted with a
2-dimensional Gaussian function (Eq. (2.2)) and the cross sections along both directions
are shown in Fig. 3.1 (b) and (c). In Fig. 3.1 (d) we plot the fitted fwhm of the Gaussian and
in (e) the increase of the variance squared (σ2 − σ20 ) along both crystal axes. We see that
variance squared increases linearly with time for t>50 ns, indicating normal diffusion.
The detected fluorescence at these time scales corresponds to emission from singlet
states that are formed by annihilation of triplet states that diffused through the sample.
When we fit (3.1) to this time interval, we obtain the triplet diffusion constant along both
axes, corresponding to 8.4 · 10−4 cm−2 s−1 for the slow axis and 1.6 · 10−3 cm−2 s−1 for the
fast axis, which is close to the values reported by Akselrod et al.[37]
The more interesting processes appear on short time scales (t=0-20 ns). When we look
at the fluorescence images of the exciton cloud at this time interval (Fig. 3.2 (a)), we see a
rapid expansion of the fluorescence in 2 nanoseconds, followed by the contraction until
5 nanoseconds after excitation. The cross sections along the fast axis, shown in Fig. 3.2
(b), illustrate the expansion of the fluorescence spot from 0 (pink) to 2 ns (red), followed
by a reduction at 5 ns (dark red) to a size smaller than the excitation spot. Each of these
cross sections can be fitted with a Gaussian to extract the full width at half maximum
(fwhm) from the variance of the Gaussian profile. Figure 3.2 (c) shows the evolution of
the fwhm during the first 20 ns along the fast (light blue crosses) and slow (dark blue
crosses) tetracene axes. In contrast to exciton diffusion, shown in Fig. 3.1, the evolution
is isotropic along both axes, indicating that the dominant process behind this spatial
evolution is a different mechanism. Both profiles show a quick expansion from 570 to
650 nm followed by a negative effective diffusion resulting in a spot size with a fwhm of
530 nm. The quick and rapid expansion can be explained by a combination of singletsinglet annihilation and singlet diffusion, while the negative diffusion requires additional
consideration.
Partial negative effective exciton diffusion has been shown in quantum wells [137]
and two dimensional semiconductors. [129] However, in these cases the distribution
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Figure 3.1: (a) Evolution of the spatial distribution of the (normalized) fluorescence
for an initial excitation density of 1018 cm−3 . (c) and (d) Cross sections along with
Gaussian fits of the fluorescence spot at 0 ns (pink), 200 ns (red) and 600 ns (dark red).
(e) Anisotropic evolution of the Isotopic evolution of the fwhm during the first 20 ns.

of excited states always remained broader than the laser spot. The reason is that the
underlying mechanism in those cases is fundamentally different than for the organic
semiconductor investigated here, where delayed singlets can be generated via non-linear
TTA. As we show next, a distribution of excitons narrower than the laser spot can be
generated by this non-linear mechanism.

3.3 Kinetic Modeling of Exciton Diffusion
A model incorporating the tetracene excited state dynamics is required to understand the
spatial distribution and time evolution of the tetracene fluorescence. The excited singlet
energy level in tetracene is close to twice the triplet exciton energy, which results in an
efficient fission of singlet excitons into a pair of triplet states that can eventually dissociate into free triplets (Section 1.2.5). [10, 20, 138, 139] These triplet states are relatively

50

3.3 Kinetic Modeling of Exciton Diffusion

(a)
0 ns

2 ns

5 ns

1 µm

1
0.8
0.6
0.4
0.2
0

0 ns
2 ns
5 ns

-0.5

0
Position (µm)

0.5

(c)

0.65

fwhm (µm)

Emission (norm.)

(b)

Slow Axis
Fast Axis

0.6
0.55
0.5

0

5

10 15
Time (ns)

20

Figure 3.2: (a) Evolution of the spatial distribution of the (normalized) fluorescence
for an initial excitation density of 1018 cm−3 on short time scales. (b) Cross sections
illustrating the expansion of the fluorescence spot from 0 (pink) to 2 ns (red), followed
by a reduction at 5 ns (dark red) to a size smaller than the excitation spot. (c) Isotopic
evolution of the fwhm during the first 20 ns.

long lived and can repopulate the singlet excited state via the opposite mechanism, i.e.,
triplet fusion or triplet-triplet annihilation.
We have simplified the excited state dynamics further (as illustrated in Fig. 3.3 (a)) to
understand the observed negative diffusion. The kinetic model consists of the following
three distinct excited states: prompt singlets that are excited at t = 0, triplet states that are
created through singlet fission and delayed singlets created from TTA. Although delayed
and prompt singlets are indistinguishable in our measurements, it is possible to differentiate between them in the model. This distinction will clarify the observed effective
negative diffusion.
The different processes involved among these excited states are the radiative decay
from singlet excited states to the ground state (at a rate k S ), singlet-singlet annihilation
(k SS A ), singlet fission (k f i s ) and triplet-triplet annihilation (k T T A ), which has a nonlinear dependence on the triplet concentration since it involves two triplet excitons. The
diffusion of excitons in tetracene crystals is described by the 2D diffusion equation, assuming that the excitation density is constant along the out-of-plane direction. The
diffusion model and excited state dynamics lead to the following three differential equations:
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Figure 3.3: (a) Schematic representation of the model. (b) Time evolution of the
excited state population per exciton type. (c) Simulated fwhm of the different exciton
distributions. (d-g) Cross sections of the distributions: (d) is the initial distribution of
the singlets after laser excitation. (e) The singlets split into triplet states, (f) non-linear
TTA results in delayed singlet distribution that is significantly narrower than both the
triplet distribution and the prompt singlet distribution. (g) Practically all prompt singlets
have either decayed to the ground state or split into triplets, leading to a total singlet
distribution that is narrower than the laser excitation spot.

d NSp
dt

= −(k S + k f i s )NSp − αk SS A (NSp + NSd )2 + ∇ · (D S ∇NSp ),

d NT
= 2 k f i s (NSp + NSd ) − 2 k T T A NT2 + ∇ · (D T ∇NT ),
dt
d NSd
= k T T A NT2 − (k S + k f i s )NSd − (1 − α) k SS A (NSp + NSd )2 + ∇ · (D S ∇NSd ),
dt

(3.2)

(3.3)

(3.4)

where NSp , NSd and NT are the prompt, delayed singlet and triplet populations, respectively, and α =

NSp
NSp +NSd

the fraction of prompt singlets. D S and D T are the diffusion

tensors defining the diffusion constants of singlet and triplet excitons, respectively, along
the fast and slow axes. The factor of 2, multiplying the fission and TTA rates in Eq. ( 3.3)
indicates that two triplet excitons are generated or removed by singlet fission and triplettriplet annihilation, respectively.
Since Eqs. ((3.2)-(3.4)) cannot be solved analytically, we modeled the excited state
dynamics and diffusion numerically. The simulation is performed for a 31×31 grid with
a Gaussian excitation profile at t = 0 and a time step of 1 ps. We fit all the parameters,
except for the radiative decay rate, to the spatial evolution of fluorescence profile for
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Table 3.1: Simulation parameters used in the kinetic model of Fig. 2.

Variable

Meaning

Value

kS

radiative decay

0.08 ns−1

k SS A

singlet-singlet annihilation

2 · 10−18 cm3 ns−1

kf is

fission

1.5 ns−1

kT T A

triplet-triplet annihilation

1.5 · 10−19 cm3 ns−1

DS

singlet diffusion

3 · 10−2 cm2 s−1

DT

triplet diffusion

8 · 10−4 cm2 s−1

excitation densities of 1017 cm−3 , 1018 cm−3 and 1019 cm−3 . Also, we assumed isotropic
diffusion, resulting in a single scalar value for the diffusion tensors. The resulting values
and fits are given in Table 3.1. The populations of the different excited states over time
are shown in Fig. 3.3 (b). The prompt singlets (dark green dashed curve) excited at
t = 0 quickly convert to triplet states (solid blue curve) and subsequently populate the
delayed singlets (light green dotted curve). The total singlet population (solid red curve)
is the sum of the prompt and delayed singlets. While all of the populations (prompt- and
delayed singlets and triplets) show a positive diffusion, the total singlet population (red
curve) has a negative effective exciton diffusion with a decrease in the fwhm between 0.8
and 3 ns that was also observed in the experiment (Fig. 3.3 (c)). The processes that lead to
the negative diffusion are explained in more detail in Figs. 3.3 (d-g). The prompt singlet
distribution is shown immediately after excitation in Fig. 3.3 (d) (dark green area). In the
following hundreds of picoseconds (Fig. 3.3 (e)), the singlets split into triplets (blue area)
leading to a fast decay of the singlets and a growth of the triplet population. Simultaneously, the singlet population broadens due to singlet diffusion and, more importantly,
singlet-singlet annihilation which leads to a faster decay of singlets at the center of the
Gaussian profile. The triplet population reaches a maximum after 1.4 ns (Fig. 3.3 (f )) and
decays by TTA into singlet states. Since the TTA rate depends quadratically on the density
of the triplet states, TTA is more efficient at the center of the Gaussian profile than at the
edges, resulting in a delayed singlet distribution that is narrower than both the triplet
and the prompt singlet distribution (Fig. 3.3 (g)).
From the simulations in Fig. 3.3, we expect the negative exciton diffusion only for
the singlet states and not for the triplet states. To verify this result, we have performed
TAM measurements on the tetracene crystal with a probe wavelength of λ = 820 nm. At
this wavelength, the measurements are mainly sensitive to triplet excited state absorption. [112, 113] The evolution of the spatial distribution measured by TAM is shown with
the blue circles in Fig. 3.4 for an excitation density of 1019 cm−3 . The measured signal
coincides almost perfectly with the simulated evolution (also for an initial excitation of
1019 cm−3 ) plotted with the blue solid curve in Fig. 3.4. The decay rates used for this
simulation are the same as those in Fig. 3.3. (see Table 3.1) with an initial excitation
density of 1019 cm−3 .
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Figure 3.4: An opposite effective diffusion was measured for singlet excitons by TFM
(red dots) and triplet excitons by TAM (blue dots), both of which were measured for an
excitation density of 1019 cm−3 . The time evolution of the fwhm of the exciton clouds
was fitted by simulations of the diffusion of singlet (red curve) and triple states (blue
curve), using the model described in Fig. 3.3 and parameters given in Table 3.1 with
N0 = 1019 cm−3 .

3.4 Diffusion of Singlet and Triples States at Different Densities
To compare the diffusion of the singlet and the triplet states, we also performed TFM
measurements for the same excitation density and plotted the result in Fig. 3.4 with
the red circles. The red curve in this figure is the result of the simulation with the same
parameters as those for the triplet evolution. We see that the singlet expansion in the
first nanoseconds is faster than the triplet expansion. However, the fwhm of the singlet
distribution starts to decrease after 500 ps because of the nonlinear TTA, resulting in a
singlet distribution that is narrower than the triplet distribution.
The model depicted in Fig. 3.3 (a) helped to understand the physical process behind
the negative diffusion but is unable to quantitatively capture the power dependence of
the spatial evolution with the same set of parameters. To simulate the power dependent
results, we developed a more realistic model. [10, 26, 29, 30, 140] The extended model
is shown schematically in Fig. 3.5 (a), illustrating the fission and fusion rates between
the singlet state and the triplet pair state, which are both independent of the concentration. The triplet pair can dissociate into long-lived triplets, that can either follow a linear
(called merge) or non-linear (TTA) recombination to the singlet state, as indicated by the
arrows in Fig. 3.5 (a). [141] The corresponding coupled differential equations used to
simulate the observed time evolution of the different excited states are
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Table 3.2: Simulation parameters for the extended model corresponding to Fig. 3.5.

Variable

Process

Value

kS

radiative decay

0.08 ns−1

k T T pai r

triplet pair decay

0.02 ns−1

k T f r ee

triplet decay

0.002 ns−1

k SS A

singlet-singlet annihilation

4·10−18 cm3 ns−1

kT T A

triplet-triplet annihilation

4·10−20 cm3 ns−1

kf is

singlet to triplet pair

3 ns−1

k f us

triplet pair to singlet

0.5 ns−1

kd i s

triplet pair to free triplet

1.5 ns−1

k mer

free triplet to triplet pair

0.015 cm3 ns−1

D T f ast

fast triplet diffusion

1.6 · 10−3 cm2 s−1

D T sl ow

slow triplet diffusion

0.8 · 10−3 cm2 s−1

d NS
= −(k S + k f i s )NS − k SS A NS2 + k f us NT T pai r + k T T A NT2 + ∇ · (D S ∇NS ),
dt
d NT T pai r
dt

= −(k T T pai r + k f us + k d i s )NT T pai r + k f i s NS + k mer NT

(3.5)

(3.6)

+ ∇ · (D T ∇NT T pai r ),
d NT
= −k T f r ee NT − 2k mer NT2 + 2k d i s NT T pai r − 2k T T A NT2 + ∇ · (D T ∇NT ),
dt
·
¸
D Sx
0
DS =
,
0
D Sy
·
DT =

DT x
0

0
DT y

(3.7)

(3.8)

¸
.

(3.9)

An overview of the definition of the constants used in these equations is given in Table
3.2.
In order to fit the data with Eqs. 3.5-3.7, the results of the simulations for the different
initial excitation densities are convolved with the point spread function of our microscope (see Secs. 2.3.2 and 2.2.2). Then, the fitting parameters are obtained by fitting
all rates to the evolution of both the singlet and triplet spatial profiles for the different
excitation densities. Figure 3.5 (b) and (c) show the the measured time evolution of
the fwhm of the profiles with TFM and TAM, along with the simulated evolution of the
exciton cloud. The excellent agreement shows that we can fit simultaneously the triplet
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Figure 3.5: (a) Schematic representation of the model. (b) Evolution of the width of the
exciton distribution for initial densities 1017 cm−3 , 1018 cm−3 and 1019 cm−3 represented
by pink, red and dark red crosses respectively as measured by TFM. The solid curves are
the simulations for the corresponding singlet exciton densities. (c) fwhm of the excitons
probed by TAM for increasing excitation densities for the initial densities of 1019 cm−3
(dark blue circles) and 5·1018 cm−3 (blue circles). The solid curves are the simulations of
the total number of triplet states (triplet pairs + free triplets)

and singlet state diffusion with the same parameters for intensities spanning two orders
of magnitude, while also capturing the fluorescence decay dynamics (see Fig. 3.6). The
parameters used for the simulations are listed in table 3.2. The parameters are within the
range of values reported in the literature. [20, 26, 31, 35, 113, 142, 143]
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Figure 3.6: (a) Time resolved fluorescence decay measurements of the tetracene crystal,
where the emission is integrated over the entire excitation area. The peaks at 12.5 ns
correspond to a laser pulse originating from the 80 MHz oscillator that is not filtered out
completely by the pulse picker. (b) Simulated singlet population in the tetracene crystal
using the parameters given in Table 3.2

The diffusion profiles of Figs. 3.5(b) and (c) can be understood as follows: The time evolution of the fwhm of the profiles measured with TFM for excitation densities of 1017 , 1018
and 1019 cm−3 (pink, red and dark red circles in Fig. 4b, respectively) show an initial
expansion, followed by a fwhm reduction and a slower expansion at longer times. The
initial expansion for the two highest excitation densities is dominated by singlet-singlet
annihilation, while the initial expansion for the lower excitation power originates from
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diffusion. The negative diffusion (fwhm reduction) is more prominent and faster for
higher excitation powers because the difference between the fwhm of the triplet and
singlet distributions is larger in this case and because the TTA rate increases non-linearly
with the concentration of the triplet states. The power dependent time evolution of the
fwhm measured with TAM is plotted in Fig. 4c. The minimum excitation density for
reliable measurements was ∼ 2 · 1018 cm−3 ; therefore, the measurements are presented
for excitation densities of 2 · 1018 (light blue circles), 5 · 1018 (blue circles) and 1019 cm−3
(dark blue circles). Since the singlet fission rate is fast (3 ns−1 ), the triplet population
follows the singlet population at short time scales and the TAM measurements have a
similar power-dependent broadening as the TFM measurements during the first 500 ps.
Measurements at lower excitation densities would require much longer integration times
or an investigation of thicker crystals. Additionally, the detection of triplet excitons by
adding a phosphorescent emitter to the crystal has been suggested as a sensitive method
to probe triplet excitons. [144]

3.5 Conclusions
Using transient fluorescence microscopy, we have experimentally shown a negative singlet exciton diffusion in tetracene crystals, leading to exciton distributions that are narrower than the excitation beam size. We developed a kinetic model to explain the negative effective diffusion as a result of non-linear triplet-triplet annihilation. The anomalous broadening and narrowing of the singlet distribution shows that caution is required
when extracting diffusion constants from these direct microscopy techniques, even at
low excitation densities as other processes besides diffusion can influence the shape of
the distribution. On the other hand, when interpreted correctly, these measurements
give insight into more processes than just diffusion, such as singlet-singlet annihilation
and the rate of nonlinear triplet-triplet annihilation. The negative effective diffusion is a
universal property of triplet-triplet annihilation materials and is therefore also expected
in other organic compounds relevant for photovoltaics and OLEDs, such as acene derivatives and TTA-UC systems.
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C HAPTER 4
L IGHT-M ATTER C OUPLING
S TRENGTH C ONTROLLED BY THE
O RIENTATION OF O RGANIC
C RYSTALS IN P LASMONIC C AVITIES
Excitons in organic crystals are interesting candidates for the investigation of
light-matter coupling due to the strong and well-defined orientation of their
transition dipole moments. We demonstrate the coupling of excitons in tetracene
crystals to optical modes in open cavities formed by anisotropic arrays of
plasmonic nanoparticles and investigate the coupling strength as a function of
the alignment of the exciton dipole moment to the cavity field. The anisotropy
of the cavity and the crystal provide a practical method to tune the light-matter
coupling strength from weak to the strong coupling regime, by rotating the crystal
with respect to the plasmonic array. The possibility to control the coupling within
a single excitonic material, paves the way to study the effects of the coupling
strength on polariton physics, such as exciton-polariton transport.
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4.1 Introduction
Strong coupling between light in a cavity and excitons in semiconductors leads to the
formation of hybrid light-matter states, known as exciton-polaritons. These hybrid
states inherit the properties of both photons and excitons, modifying the properties of
the semiconductor. [145–147] These new properties such as enhanced exciton-polariton
transport [71, 148, 149] and modified excited-state dynamics [88–92] can be promising
for the application in polaritonic devices.
For the applications of these polaritonic devices operating in the strong coupling
regime, the strength of the light-matter coupling plays a critical role. Therefore, we
investigate the possibility to control the coupling strength in a system of tetracene
single crystals and nanophotonic cavities consisting of rectangular arrays of silver
nanoparticles where the cavity field has a strongly anisotropic orientation.
As described in Section 1.4.3, the coupling strength depends on the magnitudes of
the transition dipole moment of the excitons | µ||, the cavity field | E 0 | , and their relative
orientation.
s
g = µ · E = µ · u cav

N ħω
²e f f V

(4.1)

where µ is the transition dipole moment of the exciton transition in the molecule, u c av
the unit vector indicating the direction of the cavity field, V is the mode volume, ²e f f the
effective permittivity of the material in the mode volume and N the number of coupled
emitters . When the coupling is sufficiently strong, it results in the hybridization of the
excitons and the cavity mode and the formation of exciton-polariton states. As described
in Section 1.4.4 the energies of the lower polariton band (LPB) and the upper polariton
band (UPB) are [107]

ħω± =

·
¸
q
1
E c av + E exc − i (γcav + γexc ) ± 4g 2 + (E c av − E exc + i (γc av − γexc ))2 .
2

(4.2)

with E c av and E exc the energies of the cavity mode and exciton, γc av and γexc their
damping rates, and g the coupling strength of the cavity with the excitons. In case the
losses of the cavity and the exciton are the same, we can disregard the damping rate.
The Rabi-energy (ħΩ), defining the minimum splitting between the LPB and UPB at
E c av = E exc then becomes,
ħΩ = ħω+ − ħω− = 2g .

(4.3)

Earlier works on tuning the Rabi-splitting in cavities have reported how strong
coupling emerges through switchable light-molecule interactions with photochromic
molecules, [150, 151] or by molecular adsorption in porphyrin dyes. [152] These
approaches are based on an intrinsic modification of the excitonic material to switch
between weak- and strong-coupling. The effects on the coupling strength by increasing
the number of excitons in the mode volume, [63, 153] with different thicknesses of the
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excitonic layer, [60, 154] and by the specific position of the excitonic material in a node
or anti-node of the cavity [155] have been also reported. These experiments require
the realization of different samples for the investigation of the coupling strength. Also
strong coupling to vibrational transitions in liquid crystals has been studied by applying
an external voltage to control the orientation of the liquid crystal. [156]
In this chapter, we study the coupling of surface lattice resonances (SLRs) in a plasmonic nanoparticle array with tetracene crystals. The rectangular design of the array
and nanoparticle dimensions, results in a strong in-plane anisotropy of the cavity field
defined by the nanoparticle array. We combine the cavity anisotropy with the strongly
oriented dipole transitions in tetracene crystals to investigate the coupling strength as
a function of the alignment of the transition dipole moment of excitons in the organic
crystal to the cavity. Our investigation is realized in the same cavity and with the same
organic crystal by rotating the crystal relative to the cavity. Therefore, neither the cavity
nor the excitonic material are changed during the measurements but only their coupling.
The possibility to control the coupling strength makes this system very interesting to
explore the influence of anisotropic field distributions. Tuning the coupling without
changing materials makes this system relevant for the study of the effects of the coupling
strength on polariton physics, such as exciton-polariton condensation, transport, energy
transfer or polariton chemistry.

4.2 Sample Description
The single crystalline tetracene was grown as described in Section 2.4. For the experiments performed in this chapter we selected a ∼ 50 nm thick crystal. These crystals have
two exciton transitions of different energies (centered at 2.38 eV and 2.47 eV) with dipole
moments oriented at an angle of 70◦ with respect to each other and lying almost in the
ab-plane, [40] which is parallel to the substrate onto which the crystals are deposited.
The transition dipole moment of the exciton at 2.38 eV is much stronger than the one at
2.47 eV, [40] making tetracene an ideal material to study the interactions of different excitons with the cavity. The lowest energy excitonic transition (2.38 eV) lies almost along the
b-axis of the crystal and is referred to as the b-exciton. This transition has the strongest
dipole moment and it can be distinguished easily when measuring the extinction and
fluorescence spectra of the crystal with a polarizer, which are shown with the dark blue
curves in Figs. 4.1 (a) and (b). When the polarizer is rotated, as is done in both Figs.
4.1 (a) and (b) in steps of 10◦ , the extinction and emission by the b-exciton are reduced.
Simultaneously, the other excitonic transition at 2.47 eV becomes visible in the extinction
spectra when the polarizer is oriented at angles larger than +40◦ with respect to the baxis (Fig. 4.1 (a)). When the polarizer is oriented at 90◦ , there is no contribution from
the b-exciton in the extinction spectrum and the extinction is dominated by the exciton
at 2.47 eV, known as the a-exciton (red curve in Fig. 4.1 (a)). The inset of Fig. 4.1 (b)
displays microscope images (Nikon C2 with DS-Fi2-U3 CCD camera) of the fluorescence
from the crystal excited a white light source with a 445±15 nm band pass filter. The PL
was collected through a 490 nm long pass filter and a polarizer, which was oriented at 0◦
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and 90◦ with respect to the b-axis. These images show that most of the fluorescence is
emitted by the b-excitons along the b-axis.
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Figure 4.1: Optical spectra of tetracene crystals. (a) Extinction and (b) fluorescence
spectra of a thin (∼ 50 nm) tetracene crystal on glass, covered with a protective PDMS
layer. The orientation of the polarizer is rotated in steps of 10◦ . The insets of (b) show the
fluorescence images with the polarizer parallel (integration time 2 s) and perpendicular
(integration time 6 s) to the b-axis of the crystal.

The cavity consists of silver nanoparticles with a size of 170 × 42 nm2 , covered by 10 nm
SiO2 and 20 nm Si3 N4 as protective layers, and ordered in a rectangular array with lattice
constants a x = 200 nm and a y = 380 nm (Fig. 4.2 (a)). A strong collective plasmonic
resonance, or surface lattice resonance (SLR) emerges from the diffractive coupling of
the localized resonances of the nanoparticles as described in Section 1.3.2. This SLR
is measured when the bare array (the array without the organic crystal) is illuminated
with light incident along the normal direction and polarized along the short axis of the
nanoparticles and can be seen at ∼2.1 eV in the optical extinction measurements shown
with the blue curve in Fig. 4.2 (b). This measurement is done by covering the array
with a layer of PMMA to make the medium surrounding the nanoparticles more homogeneous. [157, 158] The electric field distribution in the unit cell associated to the SLR
is visible in the finite-difference time domain (FDTD) simulation at a height of 50 nm
above the substrate for an incident plane wave normal to the surface polarized along the
short axis of the nanoparticle (Fig. 4.2 (c)). The color scale in this figure represents the
electric field amplitude enhancement and the black arrows indicate the orientation of
the electric field. The anisotropic field distribution is visible, with most of the intensity
oriented in the x-direction. The electric field is not only localized to the nanoparticle, but
also extends over the unit cell.
SLRs arise from the coupling of localized resonances through TE or TM diffraction
orders in the plane of the array. The dispersion of the lowest diffractive orders can be
derived from Eq. (1.26)
s
c
2π
ωT M = ±
k x2 + ( )2 ,
(4.4)
ne f f
ay
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Figure 4.2: Silver nanoparticle array (a) SEM image of the particle array. (b) Extinction
of the silver nanoparticle array covered with PMMA (blue curve) and FDTD simulation
of the scattering cross section of an individual nanoparticle (red-dashed curve). Both for
light polarized along the short axis of the nanoparticles. The vertical black-dotted line
indicates the energy of the RA for k y = 0. (c) Simulation of the electric field enhancement
corresponding to the SLR shown in (b) at 2.1 eV and 50 nm above the substrate. The
black arrows show that the orientation of the electric field is mainly in the x-direction.
(d) Extinction of the TE-SLR when the sample is illuminated with light polarized along
the short axis of the nanoparticles.

ωT E = ∓

c
ne f f

[k y +

2π
],
ay

(4.5)

where c is the speed of light, k x and k y are the in-plane momentum of the incoming light
along the x and y direction, respectively and a y is the lattice constant in the y-direction.
Since the dispersion of TE and TM modes are different, the resulting SLRs, originating
from the coupling of the diffraction orders with the localized surface plasmon resonances
(LSPRs), are anisotropic and polarization dependent. We focus on the TE-SLR because it
overlaps at lower k-vectors with the tetracene exciton transition. TE-SLRs are excited by
illuminating the array with light that is polarized along the short axis of the nanoparticles
(x-axis in Fig. 4.2 (a)), with the in-plane momentum perpendicular to the electric field.
The dispersion of the TE-SLR is probed by collecting the transmission of a collimated
white light source through the array with an Ocean Optics USB 2000+ spectrometer, while
rotating the array around the x-axis. The transmission is referenced to the transmission
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of a substrate without the particle array to define the transmittance. The extinction is
defined as 1-transmittance and is plotted in Fig. 4.2 (d). Close to k y = 0 rad/µm, the
TE-SLRs have a linear dispersion, as given by Eq. 4.5. For larger in-plane momenta,
the energy of the diffractive order approaches the localized resonance of the individual
nanoparticles, which has been estimated at 2.6 eV from FDTD simulations (red-dashed
curve in Fig. 4.2 (b)), resulting in a stronger coupling between the diffraction order and
the localized mode, and the bending of the SLR. From this measurement, we observe
that the TE-SLR has the energy of the b-exciton (2.38 eV) at k y ∼ 3.5 rad/µm and the
energy of the a-exciton (2.47 eV) at k y ∼ 4 rad/µm. We therefore expect the strongest
coupling at these values of the in-plane momentum. In what follows, we investigate how
the coupling of b-excitons in a tetracene crystal with the anisotropic cavity mode defined
by the TE-SLR can be controlled by tuning the orientation of the crystal.

4.3 Optical Extinction and Fluorescence Measurements of
the Coupled Systems
To control the orientation of the tetracene crystal relative to the nanoparticle array, we
transferred crystals onto a flexible PDMS layer, which can be stamped on top of the
particle array in any orientation [159]. Since the adhesion of the tetracene to the PDMS
is stronger than to the particle array, the process of stamping can be repeated many
times, such that different orientations can be measured with the same crystal. Using
this method, the crystal is rotated with respect to the cavity, starting with the b-exciton
perpendicular to the electric field of the SLR up to the point that the b-exciton is parallel
to the electric field.
The dispersion of the coupled cavity modes were obtained using a Fourier microscope
in transmission mode, as described in Section 2.1.2. There was a 400 µm pinhole in
the intermediate imaging plane such that light only from an area of 6.7 µm diameter
was measured in the Fourier plane. Extinction measurements of tetracene on the array
were referenced to the extinction of tetracene measured outside the array. We measured
the extinction of tetracene on top of the array with the strongest dipole transition (bexciton) oriented either perpendicular or parallel to the cavity field (along the short axis
of the nanoparticles) (Fig. 4.3 (a)). The dispersions of the system with the tetracene
b-exciton perpendicular to the short axis of the particle array is shown in Fig. 4.3 (b).
In this case, no coupling of the b-exciton (indicated with the gray-dotted line) with the
SLR is observed. At a higher in-plane momentum (k y = 4 rad/µm), the SLRs overlap
with the energy of the a-exciton (black-dashed line in Fig. 4.3 (b)), resulting in a weak
coupling and a small change in the dispersion. The extinction spectrum measured at k y
= 4 rad/µm is shown in Fig. 4.3 (c) with the red solid curve. The black-dotted curve in the
same figure represents the extinction spectrum of the bare nanoparticle array and the
pink-dashed curve is the extinction of the a-exciton on the tetracene crystal outside the
array.
We rotate the tetracene crystal by 90◦ , such that the b-exciton is parallel with the electric field of the TE-SLR. This results in the formation of the lower and upper polariton
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Figure 4.3: Extinction spectra of the coupled tetracene (a) Schematic orientation of the
crystal on top of the cavity. Dispersion of the system with b-axis oriented perpendicular
(b) and parallel (d) to the strongest electric field. (c) And (e) cross sections of the system
at the angle where the cavity mode and the a-exciton (b-exciton) overlap (k y = 4 rad/µm
(red curve )and k y = 3.5 rad/µm (blue curve), respectively)). The pink (light blue) dashed
curves show the extinction of the bare tetracene with the same orientation as the coupled
tetracene. The black-dotted curves show the extinction spectra of the cavity at k y = 4
rad/µm in (c) and k y = 3.5 rad/µm in (e). For all of the figures, the polarizer is oriented
parallel to the strongest cavity field.

bands with a Rabi-splitting of 138 meV, clearly visible in the dispersion shown in Fig. 4.3
(d). The b-exciton (a-exciton) energy is indicated with the black-dashed (gray-dotted)
lines. The extinction spectrum at k y = 3.5 rad/µm, corresponding to the wave vector
where the uncoupled exciton and SLR energies would overlap, is shown with the blue
curve in Fig. 4.3 (e). Also the extinction spectra of the bare tetracene and the bare array
are plotted in the same figure with the light blue-dashed and the black-dotted curves,
respectively. The full width at half maximum (fwhm), defining the damping rates of the
tetracene and the SLRs, are 122 meV and 140 meV respectively. For practical purposes,
the onset of the strong coupling regime is often defined as the condition where the Rabisplitting is larger than the average damping rates of the bare states Eq. (1.43). [108] Using
this criterion, the system is in the strong coupling regime. Larger coupling strengths can
be achieved in thicker tetracene crystals or by coupling to different cavities, as demonstrated in Chapters 5 and 6 of this thesis.
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To verify our experimental findings, we did FDTD simulations of the bare and coupled
arrays. The simulations were performed using commercial software Lumerical FDTD
software to simulate the angle resolved transmission spectra. The materials properties
were taken from the Lumerical database. Figure 4.4 (a) shows the simulated extinction
of the bare array, covered with a 200 nm PMMA layer for positive wave vectors only.
The simulation shows an excellent agreement with the measurements (Fig. 4.4 (d)),
indicating an optimal fabrication of the particle array. To simulate the coupling of the
array with tetracene, we used the dielectric properties of the tetracene form reference.
[40] When replacing the PMMA layer in the simulations with a 50 nm thick layer with the
refractive index corresponding to the tetracene a-axis, we obtain the dispersion of Fig.
4.4 (b). In agreement with the experiment (Fig. 4.4 (e)), we don’t see a splitting of the SLR
but only a small change in the dispersion where the a-exciton and the SLR cross (2.47 eV).
When we use the dielectric properties of the tetracene b-axis instead, we observe a LPB
and UPB with a Rabi-splitting of 160 meV, which is slightly larger than the experimentally
observed value of 138 meV. This difference could be due to imperfect adhesion of the
tetracene on the cavity or air gaps between the particles in the experiment, resulting in a
lower number of molecules coupled to the cavity and therefore a lower coupling strength
g.
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Figure 4.4: FDTD simulations of dispersions for positive wave vectors of the bare cavity
(a), of the cavity with tetracene where the b-axis perpendicular to cavity field (b) and of
the cavity with a tetracene crystal on top where the b-axis is parallel to the cavity field.
Figures (d-f) represent the measurements corresponding to the simulations in (a-c).

Dispersion measurements of the fluorescence are shown in Figs. 4.5. In the case that
the b-axis is perpendicular to the electric field of the SLRs, as in Fig. 4.5 (a), we observe an
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enhanced emission that follows the dispersion of the SLRs, which is in agreement with
the extinction measurements in Fig. 4.3 (b). SLRs improve the outcoupling of the fluorescence, leading to an enhanced emission in defined directions. [160] This enhanced
outcoupling is also clearly visible in spectrum measured at k y = 4 rad/µm and shown with
the solid-red curve in Fig. 4.5 (b). In this figure, also the fluorescence of bare tetracene
is displayed with the pink-dashed curve. When the b-axis is oriented parallel to the
cavity field, the dispersion of the emission shows the pronounced bending of the lower
polariton away from the b-exciton energy in tetracene, as displayed in Fig. 4.5 (c). Two
peaks are visible in the emission spectrum at k y = 3.5 rad/µm (solid blue curve in Fig. 4.5
(d)), corresponding to the lower polariton band (2.28 eV), and the uncoupled and dark
excitons defining the exciton polariton reservoir (2.33 eV). The emission from the these
dark excitons increases compared to the bare tetracene. We explain this enhancement
by the resonant scattering of the excitation beam by the nanoparticle array leading to
a pump enhancement. [161] We also see in the measurements of Fig. 4.5 (c) that there
is no emission from the upper polariton in accordance to earlier studies, [162] which is
explained by the fast relaxation of the upper polariton to lower energy states [163]. We
have investigated in more detail the coupling strength and Rabi-splitting as a function of
the orientation of the dipole moment of b-excitons in tetracene with respect to the silver
nanoparticle array. We show the transition from the weak to the strong coupling regime
in Fig. 4.6 by rotating the crystal from 90◦ (b-exciton and tetracene perpendicular) to
0◦ (b-exciton and tetracene parallel). Figure 4.6 (a) shows the dispersion for positive
wave vectors, obtained from extinction measurements and (b) shows dispersion of the
fluorescence. The opening of the splitting becomes visible as the TDM of the tetracene
b-exciton is oriented more parallel to the cavity field. To quantify the Rabi-splitting in
these measurements, the cross sections of the dispersion at k y = 3.5 rad/µm in Fig. 4.6 (a)
are shown in Fig. 4.7. This wave vector corresponds the point at which the energies of the
b-excitons and of the bare cavity mode would overlap. The magnitude of the splitting as
a function of the angle between the b-axis and the electric field in the cavity along the xdirection is shown in Fig. 4.6 (b) with the red open squares. The Rabi-splitting decreases
by more than a factor 5 (from 138 meV when the b-axis is aligned to the cavity field down
to 25 meV when they are perpendicular) by rotating the tetracene crystal.
We expect that the splitting between the lower and upper polariton bands scales linearly with the inner product of the electric field in the cavity and the transition dipole
moment of the b-exciton in tetracene, as given by Eq. 4.3. Assuming that the bare
cavity field remains almost constant, since the cavity is not modified when rotating the
tetracene, we calculate the expected Rabi-splitting as
ħΩ ∝ µ · E 0 = |µ||E 0 | cos θ,

(4.6)

where θ is the angle between the mean cavity field and the b-axis. The cosine dependence is plotted in Fig. 4.7 (b) with the dark gray curve. The Rabi-splitting should be zero
at θ = 90◦ , however, the experiment shows that the splitting does not vanish completely
at this angle (red open squares in Fig. 4.7 (b)). This discrepancy is explained by the fact
that the extinction at 2.38 eV of the b-exciton, does not go to zero either at this angle
(Fig. 4.1 (a)), indicating that there is still a transition dipole moment oriented in the
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Figure 4.5: (a) Dispersion of the fluorescence with the b-axis of the crystal oriented
perpendicular to the strongest electric field. The red-dashed curve indicates the
dispersion of the SLR as measured in extinction (Fig. 4.2 (d)). (b) Dispersion of the
fluorescence of the coupled system with the b-axis of the crystal oriented parallel to
the strongest electric field. The red-dashed curve shows the dispersion of the lower
polariton band as measured in extinction (Fig. 4.3(d)). (c) and (d) show with the solid
red (blue) curves the fluorescence spectra measured at k y = 4 rad/µm and k y = 3.5
rad/µm, respectively. The pink (light blue) dashed curve shows the fluorescence of the
bare tetracene. For all of the figures, a polarizer aligned with the strongest cavity field is
used.

direction of the cavity field. This dipole moment may be due to the a-exciton or due to
contribution of b-excitons that may be oriented differently due to defects in the crystal.
From Lambert-Beer’s Law, and the approximation that the dipole moment is proportional to the square root of the extinction coefficient (Section 1.2.4), we can retrieve
an effective dipole moment along a certain direction in tetracene as a function of the
transmission at that angle
µe f f (θ) ∝

q

− log(T (θ)) .

(4.7)

Where θ is the angle with respect to the b-axis. Therefore, the Rabi-energy can be expressed as
ħΩ ∝ µe f f (θ)|E 0 | ∝
68

q
− log(T (θ)) .

(4.8)
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Figure 4.6: (a) Dispersion of the arrays when changing the crystal orientation starting
from b-exciton perpendicular to the cavity field (90◦ ) up to the point that they are parallel
(0◦ ). Only positive wave vectors are plotted. (b) Dispersion of the fluorescence for the
same orientations as (a).

We have retrieved the relative effective dipole moment at 2.38 eV for each measured
direction from the data of Fig. 4.1 (a), and calculated the Rabi-energy using Eq. 4.8.
The result of these calculations are plotted with the gray curve and circles in Fig. 4.7 (b).
The splitting does not go to zero at θ = 90◦ and the agreement with the experiment is
significantly improved, especially at higher angles.
As we saw in Fig. 4.6 (b), the energy of the fluorescence from the LPB of the coupled
system shifts as we change the orientation of the crystal. The emission spectra measured at k y = 3.5 rad/µm are plotted for different crystal orientations in Fig. 4.7 (c).
When the cavity field and the b-exciton transition dipole moment are aligned, emission
from the lower polariton is visible. The energy of this emission at k y = 3.5 rad/µm is
∼60 meV lower than the emission from the uncoupled tetracene. When the tetracene
crystal is rotated towards the perpendicular orientation with respect to the cavity field,
the emission approaches the emission peak of the bare molecules. This reduction of the
splitting is plotted in Fig. 4.7 (d), where the energy of the emission peak corresponding
to the coupled excitons is plotted with the red curve and squares, and the energy of
the uncoupled tetracene emission is shown with the black-dashed line. The shift of
the emission peak is in agreement with the reduction of the splitting observed in the
extinction spectra of Fig. 4.7 (a) and (b).
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Figure 4.7: Tunability of the coupling strength (a) Extinction of the tetracene crystal
on top of the array, referenced by bare tetracene, at k y = 3.5 rad/µm. The different
curves correspond to different orientations of the tetracene crystal with respect to the
particle array. In dark blue, the b-axis of the crystal is parallel to the short axis of the
nanoparticles. In red, the b-axis is perpendicular to the short axis of the nanoparticles.
The gray-dashed curves are a guide to the eye, to indicate the upper and lower polariton
energies. The curves are offset in the y-direction, for better visibility. (b) Red lines and
squares show the splitting as a function of the angle between the b-exciton of the crystal
and the cavity field. The light gray curve and circles show the calculated splitting from
the extinction of the b-exciton at each angle, while the dark gray curve shows the splitting
calculated from the crystal orientation. (c) Fluorescence spectra of the crystal at the
same orientations and angles as in (b). (d) Red line and squares indicate the energy of
the emission from the coupled excitons for the spectra in (d). The black-dashed line
indicates the energy of the b-exciton.

4.4 Conclusions
We have demonstrated the control of the coupling strength of excitons in single crystal
tetracene to surface lattice resonances in arrays of plasmonic nanoparticles. This control
is achieved by changing the angle between the exciton transition dipole moment of the
excitons with respect to the cavity field. In this way, we were able to modify the Rabisplitting between 25 and 138 meV. We have also shown that the emission of the lower
polariton shifts accordingly, from 2.27 eV when the b-exction is parallel to the cavity field,
back to the bare tetracene emission at 2.33 eV when they are oriented perpendicular. This
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simple method to control the light-matter coupling strength represents a good platform
to investigate the properties of polaritons as a function of the coupling strength, such
as enhanced exciton-polariton transport (Chapter 6), non-linear interactions and relaxation dynamics.
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C HAPTER 5
E NHANCED D ELAYED
F LUORESCENCE IN T ETRACENE
C RYSTALS BY S TRONG
L IGHT-M ATTER C OUPLING
Hybridization of singlet excitons with collective resonances in plasmonic
nanoparticle arrays leads to the splitting of the material dispersion into a
lower and an upper polariton band. In this chapter, we show that this
splitting significantly modifies the dynamics of the photo-excited tetracene
crystal, resulting in an increase of the delayed fluorescence by a factor of four. The
enhanced delayed fluorescence is attributed to the emergence of an additional
radiative decay channel, where the lower polariton band harvests long-lived
triplet states. Additionally, there is an increase of the total emission, which is
wavelength dependent and can be explained by the direct emission from the lower
polariton band, more efficient light out-coupling and the enhancement of the
excitation intensity. The observed enhanced fluorescence opens the possibility
of efficient radiative triplet harvesting in open optical cavities, to improve the
performance of organic light emitting diodes.
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5.1 Introduction
Organic semiconductors are important materials for optoelectronic devices such as organic light emitting diodes (OLEDs) and organic photovoltaics (OPV). The performance
of these devices is determined by properties such as absorption and emission cross section, chemical reactivity and excited state dynamics, arising from the potential energy
surface of the molecules.[164, 165] Hence, controlling the energy surface can provide a
remarkable impact on photo-physical processes involved in these devices. Tuning of the
properties of organic materials is usually done through chemical synthesis. However,
changing the molecular composition might also affect the processability and morphology of thin films fabricated from the molecules, which may be detrimental for the performance.
As discussed in Chapter 1, strong light-matter coupling has emerged as an alternative
method to modify the energy surfaces of molecules and to alter their properties without
changing the molecular composition. Theoretical developments continue to uncover
the physics underpinning changes to the potential energy surfaces of molecules in this
regime, [146, 147, 166] and its implications on the photophysical properties of organic
materials. Strong coupling between photons in optical cavities and excitons in semiconductors results in hybrid quasi-particles called exciton-polaritons. As we saw in Chapter
4, strong coupling leads to an avoided crossing between the dispersions of cavity photons
and excitons at the energy and momentum at which they would overlap. This coupling
leads to the splitting in energy of the dispersion into the lower polariton band (LPB)
and the upper polariton band (UPB). The width of the splitting between these bands
is determined by the coupling strength and is called the Rabi-energy. The properties of
these hybrid quasi-particles are a combination of the properties of the two uncoupled
states (bare states). [145] This remarkable consequence of strong coupling has led to the
possibility to tune the properties of materials as discussed in the literature overview in
Section 1.4.1.
It has been theoretically demonstrated that strong light-matter coupling can enhance
singlet fission in acene molecules by modifying the energy level of the bright singlet
exciton, while the triplet exciton energy remains unaffected. [87]. This phenomenon
opens the perspective of strong coupling for improving the efficiency of singlet fission,
and may increase the number of available materials for SF based OPV. [11, 167] Also
the performance of OLEDs may possibly be enhanced by strong light matter coupling.
In the so-called thermally activated delayed fluorescence (TADF) molecules, delayed
emission arises from triplets going to the singlet state through thermal activation, in a
process known as reverse intersystem crossing (RISC). [168] A decrease in triplet lifetime
in strongly coupled TADF molecule (Erythrosine B) was already demonstrated [169] and
the inversion of the energy levels of singlet and triplet states was observed in strongly
coupled 3DPA3CN. [170] Since strong coupling modifies the energy of the coupled
transition, it may enhance the rate of RISC, resulting in more efficient emission. Also,
enhanced emission originating from quintet triplet pair states has been observed for
TIPS-tetracene microcavities. [91] Common to all these studies is that the cavity used to
achieve strong coupling is formed by a pair of mirrors separated by a small distance to
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support a Fabry-Pérot resonance. However, applications in real devices, such as OPVs
or OLEDs, require good accessibility by light from the surrounding medium or efficient
outcoupling of light.
In this chapter, we demonstrate strong light-matter coupling of excitons in tetracene
crystals to an in-plane optical cavity. The cavity consists of silver nanoparticles arranged
in a periodic array. This ‘open’ architecture facilitates an efficient excitation of the
tetracene and collection of its emission. As we already showed in Chapter 4, we can
align the strongest transition dipole of tetracene to the cavity resonance to increase the
coupling strength. This results in a Rabi-splitting of 210 meV, which is larger than the
138 meV obtained in Chapter 4 because of the greater thickness of the crystal, resulting
in an increased number of coupled molecules (Eq. (1.39)). Furthermore, we observe a
significantly enhanced emission from the lower polariton band, which is a factor of seven
higher than the emission of the bare (uncoupled) tetracene at the same wavelength.
Time-resolved measurements of the photoluminescence (PL) show an increase by a
factor of almost four of the delayed fluorescence after the normalization of the emission
at t=0. Control measurements on a similar sample of tetracene and silver nanoparticles
but in the weak coupling regime show the opposite effect, namely, a reduction of the
delayed fluorescence with respect to the emission of bare tetracene. Therefore, our
measurements illustrate the relevance of strong coupling for the modification of the
excited state dynamics of organic semiconductors and the enhancement of the delayed
fluorescence, and they open a range of possibilities for improving the emission of OLEDs
using strong light-matter coupling of organic semiconductors with in-plane optical
cavities.

5.2 Plasmonic Nanoparticle Arrays
Rectangular arrays of silver nanoparticles with dimensions 2.5 × 2.5 mm2 were fabricated
by electron beam lithography on a glass substrate (refractive index n=1.51). A 12 nm
thick layer of Si3 N4 and an 8 nm thick SiO2 layer were deposited on top to prevent oxidation. [98] The size of the unit cell is 240 × 340 nm2 and the nanoparticles have average
dimensions of 45 × 90 × 40 nm3 (WxLxH). A scanning electron microscope image of the
silver nanoparticles is shown in Fig. 5.1(a).
The nanoparticles arrays act as cavities supporting SLRs that benefit from the large
near-field enhancements of the LSPRs [171] while the radiative coupling of LSPRs in the
array through the Rayleigh anomalies (RAs) results in destructive interference of light
scattered to the far field and the redistribution of the near field, which results in a reduction of the ohmic losses (Section 1.3).
We have characterized the SLRs of the nanoparticle array by covering it with a 200 nm
thick layer of polystyrene (PS) with a refractive index n=1.59. This refractive index is similar to that of the tetracene crystal at frequencies other than the exciton frequency. [40]
The similar dielectric environment ensures that the extinction measurements of this
sample, given by 1-transmittance, can be used later as a reference for the measurements
of the array covered with tetracene. The extinction by the array of nanoparticles covered
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Figure 5.1: (a) SEM image of the array of silver nanoparticles. (b) Microscope image of
the investigated tetracene crystal in reflection. The crystal is located on the edge of the
particle array. (c) Fluorescence image of the tetracene crystal obtained with a polarizer
parallel to the transition dipole of the lowest optical transition in the crystal. The red
arrow indicates the orientation of the polarizer. (d) Fluorescence image of the tetracene
with a polarizer perpendicular to the lowest optical transition of the crystal.

with PS is measured using a collimated white light source polarized along the short axis
of the nanoparticles, while rotating the sample (see Section 2.1.1). In this way, we obtain
the extinction as a function of energy and wave vector of the incident beam parallel to
the surface. This extinction map is shown in Fig. 5.2 (a), for photon energies from 2.2 to
2.6 eV and k x from 0 to -8 rad/µm. Only negative angles are plotted in this figure because
of the symmetry in the extinction around k x = 0 rad/µm. We can identify a parabolicshaped band of increased extinction with a minimum energy of 2.35 eV. This sharp band
corresponds to the SLRs that result from the coupling between the LSPRs along the short
nanoparticle axis (visible at 2.7 eV in the blue dash-dotted curve in Fig. 5.2 (e)) and the
TM-RAs.
To obtain the dispersion of the SLRs, we fit the extinction measurements with a coupled harmonic oscillator model, in which one oscillator has the energy of the LSPR and
the other corresponds to the RAs (see Section 1.3.4). The fit is plotted with the red dashed
curve in Fig. 5.2(a). In the extinction spectrum of the bare array, there is a second band
visible just above the main resonance at 2.46 eV. This band is attributed to a quasi-guided
mode in the PS layer that results from the grating coupling assisted by the array. [172, 173]
From the characterization in Fig 5.2 (a), it is clear that the array is really ‘open’: the
array is transparent for most energies and light is coupled into the cavity efficiently at
the indicated dispersion of the SLR.
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Figure 5.2: (a) Optical extinction map of the nanoparticle array covered with polystyrene
(n=1.59). The sample is illuminated with white light polarized along the short axis
of the silver particles. The parabolic band of high extinction corresponds to the TMSLRs fitted by the red dashed curve. (b) Extinction map of the particle array covered
with the tetracene crystal. The extinction is multiplied by a factor of two for visibility.
The UPB and LPB are fitted with a coupled oscillator model and plotted with the red
solid curves. The dashed black line at 2.38 eV represents the energy of the exciton
transition in tetracene. (c) Fluorescence map of the tetracene crystal outside the array.
(d) Fluorescence map of the tetracene crystal on top of the nanoparticle array. The
dispersion of the LPB in (a) is plotted to show that the emission overlaps. (e) Extinction
spectra of the bare tetracene (red dashed curve), the array with polystyrene (blue dash
dotted curve) and the array with tetracene (green solid curve), showing the Rabi-splitting
between LPB and UPB of 210 meV. All spectra are taken at kx = 4 rad/µm. (f) Fluorescence
spectra of tetracene on (green solid curve) and outside the array (red dashed curve) at kx
= 0 rad/µm. The semi-transparent gray box indicates the transmission window of the 550
nm band-pass filter used for the time resolved measurements.

5.3 Modification of the Absorption and Emission of Tetracene
Crystals Coupled to Nanoparticle Arrays.
After the characterization of the bare array of nanoparticles, we removed the PS layer and
deposited tetracene single crystals on top of the array. By drop casting a saturated solution of tetracene in toluene in a nitrogen glovebox, [28] thin tetracene single crystals were
formed (see Section 2.4). As the photophysical properties between different tetracene
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crystals may vary due to different thickness and size, we chose to investigate the crystal
shown in Fig. 5.1(b-d) because it is located at the edge of the nanoparticle array. In this
way, the properties of the same crystal could be compared on and outside the array. This
crystal has a thickness of 140±50 nm, and a size of ∼ 250 × 200 µm2 . Figure 5.1 (b) shows
the crystal in reflection under white light illumination. The black dashed line in Fig. 5.1
(b) indicates the edge of the nanoparticle array. There is only a small contrast between
the reflection inside and outside the array. The fluorescence of the tetracene crystal
however, displayed in Figs. 5.1 (c) and (d), shows a higher contrast due to the stronger
emission from the array. In Fig. 5.1 (c), the fluorescence of the crystal is imaged by
illuminating the sample with a UV lamp and collecting the emission through a polarizing
filter parallel to the lowest optical dipole transition of the tetracene crystal (indicated
with the red arrow), while in Fig. 5.1 (d) the polarizing filter is perpendicular (red arrow)
to the lowest optical dipole transition. We conclude from these measurements that the
orientation of the dipole moment of the lowest optical transition is at an angle of 10◦ with
respect to the dipole moment of the LSPR of the short axis of the silver nanoparticles.
This orientation leads to a strong coupling between tetracene excitons and SLRs as we
also saw in Chapter 4.
The result of the coupling between excitons in tetracene and the SLRs in the array is
visible in the extinction map of Fig. 5.2(b), where the extinction has to be measured in
a Fourier microscope due to the limited size of the tetracene crystals (see Section 2.1.2).
For a direct comparison with the dispersion of the bare nanoparticle array, we plot in
this figure only the dispersion for positive wave vectors. The dashed black line and red
dashed curve in this figure indicate the dispersion of the lowest exciton transition in
tetracene and the SLRs of the bare array for the uncoupled case, respectively.
A characteristic of strong coupling is the avoided crossing between the bare states
and the formation of the hybrid states given by the LPB and UPB. In the case of the
investigated nanoparticle array, the avoided crossing is apparent at k x = 4 rad/µm and
E = 2.38 eV (see Fig. 5.2 (b)). The LPB and UPB can be fitted to the eigenfrequencies of
the Hamiltonian described by a coupled harmonic oscillator model (Section 1.4),
·
H=

E SLR − i γSLR
g

g
E exc − i γexc

¸
,

(5.1)

where ESLR is the angle dependent energy of the degenerate SLRs, shown with the red
dashed curve in Figs. 5.2(a) and (b), Eexc is the energy of the tetracene S1 exciton (2.38
eV), γSLR and γexc are the damping rates of the SLRs and the exciton, respectively, estimated from the full width at half maxima of the extinction spectra of the bare modes, and
g is the coupling strength from which the Rabi-splitting (g = ħΩ
2 ) can be calculated. The
result of this model is plotted with the red solid curves in Fig. 5.2(b), and fits well to the
experimental data. The Rabi-splitting obtained from the fit (Ω = 210 meV) is larger than
the damping rates of the SLRs (γSLR = 30 meV) and the linewidth of tetracene (γexc = 160
meV), confirming that the system is in the strong coupling regime.
To better visualize the Rabi-splitting, we plot in Fig. 5.2(e) the extinction spectra for
bare tetracene (outside the array), for the bare nanoparticle array and for the array cou78

5.4 Excited State Dynamics of Bare and Strongly Coupled Tetracene Crystals

pled to tetracene, measured at k x = 4 rad/µm. The dashed red curve shows the extinction
of the tetracene crystal, where the maximum extinction at 2.38 eV corresponds to the
lowest optical exciton transition. Higher vibronic transitions are visible at ∼ 2.58 eV and
∼ 2.76 eV. The maximum extinction of tetracene overlaps in energy with the maximum
extinction of the bare array for this wave vector (blue curve in Fig. 5.2(e)), corresponding
to the SLR. The solid green curve in Fig. 5.2(e) represents the extinction of the coupled
system, referenced to the extinction of tetracene. We observe the splitting of the exciton energy into the LPB and the UPB at 2.26 eV and 2.47 eV, corresponding to a Rabisplitting of 210 meV. The broad peak around to 2.7 eV, visible in the extinction of the
array with tetracene and the array with PS, corresponds to the LSPRs of the individual
silver nanoparticles.
We have measured the fluorescence of the tetracene crystal on and outside the
nanoparticle array using a pulsed laser diode with λ = 375 nm (3.3 eV) and a repetition
rate of 2.5 MHz to excite the organic crystal off resonance. Note the bare array (without
tetracene) is formed by Ag nanoparticles and does not exhibit detectable fluorescence.
Figures 5.2 (c) and (d) show the dispersion of the fluorescence of bare tetracene and
the fluorescence of tetracene on the array, respectively. Similar to the extinction
measurements, the emission is symmetric around k x = 0 rad/µm, and we only plot this
emission for half the space. The emission outside the array is mainly originating from
the lowest exciton transition, indicated by the black dashed line at 2.35 eV on Figs. 5.2 (c)
and (d). The intensity of the emission at this energy on the array is almost unchanged,
which indicates that there is a significant fraction of dark (uncoupled) excitons. However,
there is a very prominent peak visible at 2.26 eV for k x = 0 rad/µm, corresponding to the
LPB. At this frequency, the emission is seven-fold more intense than the emission at the
same frequency of the tetracene outside the array. This emission follows the dispersion
of the LPB as it was determined from the coupled oscillator Hamiltonian, and plotted
with the lowest red curve in Fig. 5.2 (d). There is no emission from the UPB, in agreement
with previous measurements of organic strongly coupled systems, and explained by the
fast relaxation to dark excitons and to the LPB. [174] For an easier comparison, we have
plotted the fluorescence emission spectra at k x = 0 rad/µm on and outside the array in
Fig. 5.2 (f ) with the solid green and red dotted curves, respectively.

5.4 Excited State Dynamics of Bare and Strongly Coupled
Tetracene Crystals
In what follows, we investigate how strong coupling affects the excited state dynamics of
single crystal tetracene. Figure 5.3 (a) shows a Jablonski diagram with the most important
excited state dynamics of the tetracene crystal. It should be noted that this diagram
differs slightly from the schematic of Fig. 1.5 used in Chapter 3, which also included a
direct transition from the free triplet states to the singlet state that is omitted here. The
reason for this is that there are different models used in the literature [22, 31, 113, 142,
175] and that this slightly simpler model was already able to capture the excited state
dynamics of the experiments in this chapter. The excited state transition in tetracene
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Figure 5.3: (a) Jablonski diagram showing the main transitions in the tetracene crystal.
The TTpai r state represents all triplet pair states and T f r ee is the free triplet state. (b)
Jablonski diagram of a tetracene crystal strongly coupled to the array. Only the new
possible decay channels originating from strong coupling, are indicated with the red
and red dashed arrows. The decay channel of free triplet states via the LPB is indicated
with the thicker arrows. This relaxation pathway provides the largest modification in the
delayed fluorescence.

can be summarized by the reaction equation
S 0 + S 1  T T pai r  2 T f r ee .

(5.2)

The excited singlet (S 1 ) together with a singlet ground state (S 0 ) can turn into a pair of
triplet states (T T pai r ). The T T pai r can separate into two free triplets (T f r ee ). The process
from the singlet state to the triplet pair state is spin allowed as the total spin of the two
bound triplets adds up to zero. The opposite process to singlet fission is triplet fusion,
where the triplet pair fuses to form a singlet state (from T T pai r to S 0 + S 1 in Eq. (5.2)).
Triplet fusion results in a delayed component of the tetracene PL, that dominates the
decay at intermediate times, approximately between 1 and 5 ns. Besides fusion to a
singlet state, the triplet pair can separate into free triplets that can diffuse through the
crystal. [20, 138, 139, 176, 177] When two free triplets meet, they may form a triplet pair
and, if the zero spin criterion is fulfilled, they can turn back into a singlet exciton. [10,
19] As this process of two free triplets to a singlet (via a triplet pair) depends on the
probability of two triplets to interact, this rate scales quadratically with the number of
excitons and therefore with the excitation intensity. [141] The overall process of two free
triplets to a singlet exciton will be referred to as triplet-triplet annihilation (TTA). TTA is
the main origin of the delayed fluorescence from tetracene on time scales longer than 10
ns. [26, 37, 113, 175]
To investigate the excited state dynamics of the system, we have analyzed the timeresolved fluorescence using time-correlated single photon counting. For clarity, these
measurements have been done by collecting mainly the fluorescence from the LPB using
a band pass filter centered at λ = 550 and with a bandwidth of 10 nm. The detected wavelength range is indicated by the gray box in Fig. 5.2(f). The time resolved fluorescence
(TRPL) decay of the crystal outside the array is shown by the orange solid curve in Fig. 5.4
(a). The initial exciton density is estimated from the absorbed laser power and the size
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of the excitation spot to be 8 · 1017 cm−3 . Also the instrument response function (IRF),
with a full width at half maximum of τI RF = 450 ps, is shown in Fig. 5.4(a) with the purple
curve. In the decay of the bare tetracene measured outside the array, we observe three
regions: a very fast decay that is convoluted with the IRF of the setup (see inset of Fig.
5.4 (a)), an intermediate decay, i.e. from ∼1 until ∼5 ns, and a slow decay component
from ∼10 ns after excitation. The TRPL measurements of tetracene on the array (green
curve in Fig. 5.4 (a)) display the same three regions. There are however two striking
differences: at t = 0, the emission intensity of tetracene on the array is already a factor 3
higher than outside the array (green curve in the inset of Fig. 5.4(a)). This higher prompt
fluorescence intensity can be attributed to a faster singlet (radiative) decay to the ground
state via the lower polariton band, to pump enhancement, or to a more efficient light outcoupling. However, we focus here on the change in decay rates rather than the absolute
fluorescence intensity.
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Figure 5.4: TRPL of tetracene. (a) TRPL measurements on (green curve) and outside
(red solid curve) the array. The initial singlet exciton density is NS ∼ 8.1 · 1017 cm−3 .
The instrument response function (IRF), shown with the purple curve, has a fwhm of
450 ps and is normalized to the decay outside the array. The inset shows the same three
curves, but for the first 6 ns only. (b) TRPL for tetracene on (green curve) and outside (red
curve) the array normalized at t=0. The fit to the TRPL outside the array is shown with
the black dashed curve. The fitting parameters can be found in Table 5.1. (c) S 1 , T T pai r
and T f r ee populations as a function of time as obtained from the kinetic model for the
initial excitation density of NS = 8.1 · 1017 cm−3 . The inset shows the rapid decay of the
singlets to the triplet pair states in ∼ 200 ps and the build up of the free triplets in the first
nanoseconds.

If we follow the decay of the tetracene emission on and outside the array, we see that
these curves are parallel during the first 5 ns (See inset of Fig. 5.4 (a)). After ∼5 ns, the
contribution of the delayed emission on the array becomes larger compared to the bare
tetracene.
To show the difference in the excited state dynamics on and outside the array more
clearly, the decay curves have been normalized to the same maximum at t=0, and are
plotted in Fig. 5.4(b). The red curve represents the time-resolved fluorescence outside
the array, while the green curve is the measurement of the strongly coupled tetracene
under the same conditions. When we compare these decays, we see that they nearly
overlap during the first ∼5 ns, after which they start to diverge quickly over a time period
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of ∼50 ns.
To explain this change, we consider the effect of strong coupling on the tetracene
energy levels as given in Fig 5.3 (b). By strong coupling of the singlet exciton transition
in tetracene to a plasmonic cavity, we form the LPB with partial singlet character, while
the triplet energy remains the same. We hypothesize that strong coupling may lead to
an additional decay channel of triplet-triplet annihilation to the LPB. Because of this
additional channel and the brightness of the LPB in Fig. 5.2 (d), strong light-matter
coupling may lead to an enhanced delayed fluorescence. [91]
To better describe the dynamics of the excited states of the tetracene crystal and to
understand what may be the cause of the difference in TRPL, we have used a kinetic
model based on Fig. 5.3, to describe the time evolution of the different states. [10] This
leads to the rate equations

d NT T pai r
dt

d NS
= −(k S + k f i s )NS − k SS A NS2 + k f us NT T pai r ,
dt

(5.3)

= −(k T T pai r + k f us + k P F )NT T pai r + k f i s NS + k F P NT2 f r ee ,

(5.4)

d NT f r ee

= −k T f r ee NT f r ee − 2k F P NT2 f r ee + 2k P F NT T pai r .
(5.5)
dt
In these equations, NS , NT T pai r and NT f r ee represent the populations of the singlet
state, the triplet pair and the free triplets, respectively. The radiative and non-radiative
decay rates of the singlet, triplet pair, and free triplet state are given by kS , kT T pai r and
kT f r ee . kSS A is the rate of singlet-singlet annihilation, which is a second order process,
as is triplet singlet annihilation, kT S A . k f i s and k f us are the rate of singlet fission into a
triplet pair state and the rate of fusion from a triplet pair state into a singlet state, respectively. Because triplet fusion is the process in which one bound triplet pair transfers into
one singlet state, this process is linear with the triplet pair density. As two free triplets
can form one triplet pair state, kP F and kF P have a prefactor of two in Eq. (5.5), and
the decay rate of free triplets to the triplet pair depends quadratically on the free triplet
concentration. [19, 26, 175] The time step used for the numerical calculation of Eqs. (5.3)(5.5) is 10 ps. We assume that immediately after excitation all the excited states are in the
S1 state, thus the TTpai r and T f r ee are not excited directly. To limit the amount of fitting
parameters and because some decay rates are faster than the IRF of our setup, we fixed
most of the rates to the values given in Ref. [113]. The only free parameters of the fit were
the decay rate of the triplet state, the triplet pair state, and the initial population of the S 1
states. We left these values free since in Ref. [113] the focus is on the decay during the first
10 ns, while we are interested in times up to 250 ns. A particle swarm algorithm is used
to fit the measurements in the interval 2-250 ns after excitation. [178] The black dashed
curve in Fig. 5.4 (c) shows the fit to the TRPL data measured outside the array and the
fitting parameters are given in Table 5.1. The fit of the kinetic model is in good agreement
with the measured data for most of the fitted range. There is a small discrepancy between
the fit and the data around 10 ns, resulting from the approximations made in the model.
In particular, we do not consider the spin evolution of the triplet pair states, and disregard
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Table 5.1: Rates describing the dynamics of excitons in single crystal tetracene. The
initial singlet exciton population is estimated from the excitation intensity and the
absorption by tetracene, and subsequently fitted to the experiments. To minimize the
number of fitting parameters, the only free parameters are k T T pai r , k T f r ee and NS0 . All
the other rates have been taken from literature. [113]. The results of the fit with these
parameters are shown with the black dashed curve in Fig 5.4(b).

Variable

Value

Process
−1

kS

0.08 ns

k T T pai r

0.44 ns−1

decay of triplet pair

−1

decay of free triplet

decay of singlets

k T f r ee

0.05 µs

k SS A

2.0 · 10−18 ns−1 cm−3
−18

−1

−3

singlet-singlet annihilation

kT S A

2.5 · 10

kf is

8 ns−1

S 0 + S 1 → T T pai r

k f us

−1

T T pai r → S 0 + S 1

ns

cm

1 ns

−1

triplet-singlet annihilation

kP F

0.5 ns

T T pai r → 2 T f r ee

kF P

1.8 · 10−20 ns−1 cm−3

2T f r ee → T T pai r

emission from any states other than the singlet state. Nevertheless, the kinetic model
fits the largest fraction of the decay curve excellently. Therefore, we can conclude that
the kinetic model describes the main processes in the crystal reasonably well, and gives
reliable values for the populations of the different excited states over time.
The populations of the different excited states are plotted in Fig. 5.4 (c) for an initial
excitation density of 8.1 · 1017 cm−3 , normalized to the S1 population at t=0. During the
first ∼200 ps, the S 1 state is the dominant population, plotted with the blue curve in Fig.
5.4 (c) and its inset. However, efficient singlet fission results in a rapid population of
the TTpai r state, shown with the yellow-dashed curve. These triplet pairs split into free
triplets (orange dash-dotted curve) and free triplets become the most populous species
in the system after ∼1 ns. At ∼10 ns there is a kink in the singlet population caused by
the fact that from that time the S1 decay dynamics become dominated by the free triplet
reservoir. The reason why it takes a few ns after the triplet reservoir is the most populated
state until it starts to dominate the singlet fluorescence decay, is because the transition
rates from the triplet to S1 are slower than from the triplet pair states to S1 . If we compare
Fig. 5.4 (c) with Figs. 5.4 (a) and (b), we conclude that the fastest decay component of the
tetracene fluorescence corresponds to the ultrafast singlet fission from S1 to the TTpai r
state. Then the S1 state is repopulated by TTpai r states, while at the same time the TTpai r
dissociates into free triplets. Free triplets act as an exciton reservoir that repopulates
the singlet state through free triplet annihilation from times longer than ∼10 ns after
excitation.
We note that strong coupling modifies the energy landscape, creating new energy
bands. Adding new states to the kinetic model also increases the number of fitting
parameters, reducing the reliability of the fits. Although the kinetic model cannot
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describe the effects of strong coupling quantitatively, there is clearly a large effect of
strong coupling on the delayed PL. This difference becomes even more evident when we
plot the ratio between the fluorescence on and outside the array as it is done with the
red open circles in Figs. 5.5(d) and (e) This curve is obtained by dividing the normalized
decay on the array by the normalized decay outside the array (Fig. 5.5 (a)), and taking the
average of this ratio in steps of 8 ns. The error bars in Figs. 5.5(d) and (e) represent the
standard deviation of this average. The ratio between the fluorescence on and outside
the array remains one for ∼5 ns (see red circles in inset Fig. 5.5(d)), then rapidly increases
to a factor of ∼ 2.5 at 50 ns after excitation, and continues to increase for 200 ns but at
a slower rate. To find a qualitative explanation for this ratio as a function of time, we
look at the different excited states in tetracene, obtained from the kinetic model in Fig.
5.4 (c). From this model, we know that during the first ∼5 ns the excited state dynamics
is dominated by the S1 and TTpai r states, consecutively. Since at this time interval the
ratio between fluorescence on and outside the array is constant and close to unity (see
red open circles in Fig. 5.5 (e)), we can conclude that the S1 and TTpai r states do not
play a significant role in the observed enhanced delayed emission. The rapid increase
of this ratio between 5 and 50 ns coincides with the time that the triplet states become
the most dominant species in the system (∼10 ns). This behavior strongly suggests that
the change in the time-resolved PL between the bare tetracene and the strongly coupled
tetracene is related to triplet states. Indeed, the enhanced delayed emission due to the
triplet states could be explained by the formation of an additional radiative channel from
the triplet states to the LPB in the strong coupling regime. A more efficient harvesting
of the triplet states by the LPB could be expected by considering that this pathway is
energetically more favorable since the LPB is at lower energy than the S1 state. However,
in this case we should also expect a faster depletion of the triplet reservoir, leading
to a faster decay of the triplet states, which is not what we see in Figs. 5.4 and 5.5.
This apparent contradiction could be explained if we consider that once the LPB has
‘harvested’ the triplets, the emission is more efficient than for the bare tetracene. This
would imply that the number of triplet states and the number of harvested triplets are
almost the same for the uncoupled and the strongly coupled tetracene, but that in the
last case the harvested triplets by the LPB decay radiatively, emitting more efficiently
than the triplets harvested by S 1 state in the uncoupled case. Additionally, the modified
excited state landscape caused by strong light-matter coupling, could modify more than
only the decay rates towards the LPB. [87, 88] It may change any rate between the LPB
and UPB, and any of the S1 , TTpai r , T f r ee and the ground state.

5.5 Excited State Dynamics of Bare Tetracene at Different
Excitation Intensities
Because the rate from free triplets to the triplet pair (k F P ) depends on the concentration
of the triplets, the delayed fluorescence should be affected by increasing the excitation
density. To rule out the possibility that pump enhancement of the tetracene on the
array, originating from scattering of the excitation beam with the nanoparticles, could
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Figure 5.5: (a) TRPL of a tetracene crystal on (strongly coupled) and outside the particle
array. (b) TRPL of tetracene crystal outside the array, showing the effect of increasing the
laser power by a factor of 1.5. (c) TRPL of a (different) tetracene crystal outside and on
an particle array with the resonance at 1.9 eV, i.e. detuned from the tetracene exciton
energy. (d) Ratio between fluorescence for the decay curves shown in figures (a-c) after
normalization at t=0. Red circles correspond to strong coupling, blue diamonds to pump
enhancement and green squares to weak coupling/Purcell enhancement (e) Close up of
the ratios during the first 15 ns. The ratio for the strong coupling case (red circles) stays
close to one for the first 5 ns, and then increases rapidly.

cause the measured enhanced delayed fluorescence, we have done a control measurement where we experimentally reproduce the pump enhancement in bare tetracene by
increasing the excitation intensity. From FDTD simulations, the pump enhancement
was calculated to be a factor of 1.5 at 375 nm on the array. Therefore, we compared two
measurements of the TRPL where we increased the laser power by a factor of 1.5. The
result of this pump enhancement is plotted in Fig. 5.5 (b) after normalization at t=0,
where the red curve shows the TRPL when tetracene is excited at a density of 8.1 · 1017
cm−3 and the dark blue curve shows the dynamics for an excitation density of 1.2 · 1018
cm−3 . The ratio between the TRPL measured at high and low excitation intensities is
plotted with the blue curve and diamonds in Figs. 5.5 (d) and (e). Up to ∼50 ns after
excitation, the (normalized) fluorescence intensity is higher for high excitation intensities, corresponding to a PL ratio larger than one in Figs. 5.5 (d) and (e)). This is as
expected because of the non-linear dependence of TTA on the triplet concentration.
However, after the first few nanoseconds, the fluorescence decays faster due to the faster
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Figure 5.6: (a) Effect on TRPL of tetracene crystal when increasing excitation density (in
the experiment) by a factor of 1.5. The red and green dashed curve show the fits using
the parameters given in 5.1. (b) TRPL for a tetracene crystal on the edge of the array. The
red dashed curve is the fit of the decay outside the array, the green dashed curve shows
the fit on the array. To obtain a good fit, the decay of singlet excitons was increased to 0.9
ns−1 and the excitation density was increased by a factor of 1.2. The other parameters
used are the same as for the bare tetracene.

‘depletion’ of the triplet reservoir. We can fit the changed TRPL, by increasing the initial
density of singlet excitons (NS ) in our model from 8.1·1017 cm−3 for low excitation density
and 1.6 · 1017 cm−3 for the higher excitation density (Fig. 5.6 (a)). We stress that the
differences between the effect of higher excitation intensity and strong coupling are very
pronounced, as can be seen in the PL ratio of Figs. 5.5 (d) and (e). These differences rule
out pump enhancement as the only mechanism for the enhanced delayed fluorescence
measured in the strongly coupled tetracene.

5.6 Excited State Dynamics of Weakly Coupled Tetracene
Crystals
As a second control experiment, we have designed a nanoparticle array with a periodicity
of 200 × 420 nm2 resulting in an SLR at 1.9 eV for k x = 0 rad/µm. This SLR is at much
lower energies than the exciton transition in tetracene at 2.38 eV. The tetracene crystal is
in this case only weakly coupled to the nanoparticle array.
The TRPL decay of a tetracene crystal positioned at the edge of this particle array is
shown in Fig. 5.5 (c). Here, the red curve shows the emission of the crystal outside the
array, while the dark blue curve shows the emission from tetracene on the array. For the
entire measurement window, the PL outside the array is larger than on the array. The
PL ratio measured on the tetracene crystal on and outside the array is plotted with the
green curve and open squares in Figs. 5.5 (d) and (e). This PL ratio shows a pronounced
different behavior than the measurements on the strongly coupled sample: the contribution to the delayed fluorescence of the tetracene on the array is much lower than that
of the tetracene outside the array. Using the kinetic model, we can reproduce this faster

86

5.7 Conclusions

decay of tetracene weakly coupled to the array by considering a combination of pump
enhancement, due to scattering of the excitation beam with the array, and a faster decay
of the S1 state to the ground state (see Fig. 5.6 (b)). This faster decay to the ground
state corresponds to the Purcell enhancement due to the modified local density of optical
states. [179] Note that the kinetic model can be used to explain these measurements (Fig.
5.6 (b)) as this sample is in the weakly coupling regime and no new states are formed.
Since the effect of weak coupling to the tetracene emission is very different from the
strong coupling, we can exclude the metal as the origin of the enhanced delayed fluorescence of tetracene. For achieving the enhanced delayed PL, the resonance of the array
should couple strongly to the tetracene.

5.7 Conclusions
We have demonstrated strong coupling of tetracene single crystals to collective plasmonic resonances in open plasmonic cavities formed by arrays of silver nanoparticles.
The strong coupling is evidenced by the splitting of the exciton energy in a lower polariton and an upper polariton band, with a Rabi-energy of 210 meV. In the steady state
emission, we observed a wavelength dependent increase of the fluorescence, up to a
factor of 7 at the energy of the lower polariton band. Moreover, in time resolved PL
(TRPL) measurements, we observed an increase of the fractional contribution of the
delayed fluorescence by almost a factor of four. With control measurements, we showed
that the enhanced delayed fluorescence measured in the strong coupling regime has a
pronouncedly different behavior than pump or Purcell enhancement. We used a kinetic
model to explain the TRPL of bare tetracene and the effects of pump and Purcell enhancement. However, the kinetic model was unable to explain the enhanced delayed
fluorescence of tetracene in the strong coupling regime without adding additional energy
levels, indicating that the LPB plays a significant role in the excited state dynamics. From
the analysis of the populations of different excited states in the tetracene crystal and
the fact that the enhanced PL was on the same timescale as the free triplet lifetime, we
suggest that long lived triplet states harvested by the lower polariton band may be at
the origin of the enhanced delayed fluorescence. However, a more extensive theoretical model, including the complexity of the multilevel organic crystal coupled to SLRs is
required.
Our experiments did not show any indication of a modification of the singlet fission
rate. This is partially due to the IRF of our system and most likely due to the low density of
states of the LPB and UPB, that would lead to only very small changes in the singlet fission
rates. [87] Although our current results are not applicable to enhance the performance of
SF solar cells, the enhanced emission from triplet states may eventually be applied in
light emitting devices. The fact that our experiments are performed in an open structure
defined by the nanoparticle array will facilitate the application in these kinds of devices.
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C HAPTER 6
C ONTROLLING E XCITON
P ROPAGATION IN O RGANIC
C RYSTALS THROUGH S TRONG
C OUPLING TO P LASMONIC
N ANOPARTICLE A RRAYS
Exciton transport in most organic materials is based on an incoherent hopping
process between neighboring molecules. This process is very slow, setting a
limit to the performance of organic opto-electronic devices. In this chapter, we
overcome the incoherent exciton transport by strongly coupling localized singlet
excitations in a tetracene crystal to confined light modes in an array of plasmonic
nanoparticles. We image the transport of the resulting exciton-polaritons in
Fourier space at various distances from the excitation to directly probe their
propagation length as a function of the exciton to photon fraction. Excitonpolaritons with an exciton fraction of 50 % show a propagation length of 4.4 µm,
which is an increase by two orders of magnitude compared to the singlet exciton
diffusion length. This remarkable increase has been qualitatively confirmed
with both finite-difference time-domain simulations and atomistic multi-scale
molecular dynamics simulations. Furthermore, we observe that the propagation
length is modified when the dipole moment of the exciton transition is either
parallel or perpendicular to the cavity field, which opens a new avenue for
controlling the anisotropy of the exciton flow in organic crystals. The enhanced
exciton-polariton transport reported here may contribute to the development of
organic devices with lower recombination losses and improved performance.
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6 Controlling Exciton Propagation in Organic Crystals through Strong Coupling to
Plasmonic Nanoparticle Arrays

6.1 Introduction
Energy transport is a crucial process in organic optoelectronic devices, such as organic
photovoltaics (OPV) or organic light emitting diodes (OLEDs). Because excitons in organic semiconductors (Frenkel excitons) have large binding energies and are predominantly localized onto single molecules, exciton transport proceeds via incoherent hopping. This hopping process is hampered by thermal and structural disorder, which limits
exciton diffusion lengths to values below 10 nm for most materials. [36]
Even in organic crystals with suppressed structural disorder, such as tetracene, the
singlet exciton diffusion length is on the order of only 50 nm [35] though it can be increased by an order of magnitude through dark triplet states. [37] The short diffusion
lengths represent a bottleneck for the development for optoelectronic devices as they
require complex morphologies of active layers in nanometer sized domains, e.g., bulk
heterojunctions in OPV, which not only complicate the fabrication, but also reduce device stability. [180, 181]
To overcome limitations related to short exciton diffusion lengths in organic materials
and increase the distance over which energy can be transported, it has been proposed
to strongly couple Frenkel excitons to the confined light modes of an optical cavity. [148,
149] In this light-matter interaction regime, excitons and optical modes hybridize into
new light-matter states, called polaritons. [90, 91, 182] Being coherent superpositions
of material excitations and confined photons, polaritons not only have a very small effective mass but also possess group velocity, which can be exploited to transfer polaritonic wavepackets over long distances. In an early study from 2000, inorganic exciton
polaritons displayed ballistic propagation within an InGaAs quantum well placed inside an optical microcavity. [183] Later, long-range exciton polariton propagation was
also experimentally demonstrated within organic media where excitons were coupled to
surface plasmons, [69] to Bloch surface waves, [72] and also for plasmonic nanoparticle
arrays coupled to excitons in carbon nanotubes. [70] Much smaller enhancements of the
transport length were achieved for Frenkel excitons strongly coupled to confined light
modes of an optical microcavity, [71] and for polaritons in cavity-free systems, [73] where
the polaritons transport mechanism appeared to be (partially) diffusive. The reason for
the different behavior of the polaritons is not clear, as a description of the underlying
processes on the molecular/excitonic level is missing, leaving the polariton-enhanced
transport mechanism open for interpretation.
In this chapter, we demonstrate improved exciton-polariton transport via strong coupling of excitons in tetracene to surface lattice resonances (SLRs) in open cavities formed
by nanoparticle arrays. We also use multi-scale Molecular Dynamics (MD) simulations
to unravel the properties of the propagating polaritons.
In in Chapter 4, we already showed that the orientation of the crystal with respect to
the cavity field is very important to achieve strong light-matter coupling. We compare in
this chapter the exciton polariton propagation for the case where the transition dipole
moment (TDM) of tetracene excitons is parallel to the cavity field and the case where the
TDM is perpendicular to the cavity field. We observe that polariton transport depends
strongly on the relative orientation of tetracene transition dipole moment with the SLR
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Figure 6.1: (a) SEM image of the nanoparticle array. (b) Dispersion of the TE-SLR and (c)
TM-SLR, when the array is covered with a 200 nm layer of PMMA.

field, demonstrating selective transport defined by the optical cavity. Experimental observations are reproduced by atomistic multi-scale MD simulations, providing further
support that also the excitonic component of the polaritons propagates over long distances. We find that the propagation length of tetracene singlet excitons coupled to SLR
modes is two orders of magnitude larger than the diffusion length of singlet excitons for
exciton-polaritons with an exciton fraction of 50%.

6.2 Propagation and Dispersion Characterization
We designed a cavity with lattice constants of 240×360 nm2 and a particle size of
40×100×40 nm3 (W×L×H) (Fig. 6.1 (a)). The (0,±1) TE- and TM-SLRs of bare cavity
with a 200 nm PMMA layer are shown in Fig. 6.1. To investigate the interaction of the
cavity with the excitons in tetracene, we replace the PMMA layer with tetracene crystals
(Section 2.4). We excite a small region of the tetracene crystal placed on top of the cavity
by a focused laser beam (λ = 450 nm) and measure the emitted light from the coupled
system with a confocal microscope (Nikon Ti-Eclipse with 100x 0.9 NA objective lens).
For an orthogonal orientation of the transition dipole moment in tetracene with respect
to the cavity field, shown in Fig. 6.2(a), we observe negligible propagation.
However, propagation over several micrometers is observed when the crystal is rotated
such that the dipole moment is aligned to the field associated with the SLR defining the
cavity (Fig. 6.2(b)). The slight asymmetry of the observed propagation is due to a few
degrees misalignment between the cavity field and the dipoles of tetracene excitons.
To investigate propagation of exciton-polaritons in detail, we have measured the dispersion of both systems. These measurements were performed by retrieving the angle
resolved extinction and emission spectra using Fourier microscopy. We focus on the
transverse electric (TE) mode, as this mode has a larger group velocity than the transverse
magnetic (TM) mode, especially at low k-vectors. When the SLR field and the dipole
moment of the b-exciton in tetracene are oriented orthogonal, the dispersion of the
(0,+1) and (0,-1) TE-SLRs is very similar to that of the nanoparticle array defining the
bare cavity (Fig. 6.1 and left panel of Fig. 6.2(c)). This indicates that there is no strong
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Figure 6.2: (a) and (b) Fluorescence images following a focused laser excitation of a
tetracene crystal placed on top of the plasmonic cavity, with the S0 →S1 transition dipole
moment in tetracene oriented perpendicular (weak coupling regime) (a), and parallel
(strong coupling regime) (b) to the SLR field. Dispersion of the extinction along the
propagation direction (k y ) of the weakly (c) and strongly (d) coupled system. The left
panel of each figure displays the experimental data, while the right panels are results
from the FDTD simulations. Emission for the weakly (e) and strongly (f) coupled system.
Strong coupling is evidenced in (d) and (f) by the bending of the exciton-polariton band
away from the exciton energy of 2.38 eV.

92

6.2 Propagation and Dispersion Characterization

coupling between the SLR cavity mode and the tetracene exciton resonance. We compare
the experimental results with a finite-difference time-domain (FDTD) simulation of the
nanoparticle array covered with a 140 nm thick tetracene crystal for which we use the
dielectric tensor as measured by Tavazzi et al.[40] The simulated dispersion, plotted on
the right panel of Fig. 6.2(c) for positive in-plane momentum k y , shows an excellent
agreement with the experimental data (note that due to the 180◦ rotational symmetry,
the system is invariant under reflection over k y = 0).
When the dipole moment of tetracene excitons and the cavity field are oriented parallel, there is a clear bending of the mode away from the exciton transition energy at 2.38
eV, indicating the formation of exciton-polariton states and strong light-matter coupling
(left panel of Fig. 6.2(d)). The experimental results are verified by FDTD simulations,
as plotted in the right panel of Fig. 6.2(d). An interesting feature in these plots is the
gap in the dispersion at k y = 0, where the (0,+1) and (0,-1) TE-modes cross. This splitting corresponds to symmetric (bright) and anti-symmetric (dark) field distribution of
the modes. [184, 185] At this crossing point, the modes’ group velocity is much lower
which will lead to a reduced propagation length, as we will see later. The dispersion
measurements and simulations show a very clear lower polariton band (LPB), while the
upper polariton band (UPB) is hardly visible, which could be explained by the additional
coupling to higher vibronic modes. The UPB is visible with TM polarization only at
higher k-vectors and shows a splitting of 220 meV (Fig. 6.3), which confirms that this
system is in the strong coupling regime. [186]
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Figure 6.3: (a) Angular dispersion of the TM mode of the particle array, strongly coupled
to a 140 nm thick Tc crystal. The image is referenced by the extinction of the bare crystal.
(b) Extinction of the crystal plotted with the gray dashed curve, the extinction of the
coupled system is plotted with the solid black curve.

The effect of strong coupling is also clear in the modified dispersion of the emission
spectra measured upon excitation by a 450 nm laser. The dispersion of the emission
overlaps with the extinction for both the weakly (Fig. 6.2(e)) and the strongly coupled
cases (Fig. 6.2(f)). While the emission is barely enhanced for the weakly coupled system,
there is a very strong enhancement of the emission from the LPB for the strongly coupled
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system. This observation is in agreement with our experiments in Chapters 4 and 5 and
with earlier studies[187] and can be understood by the efficient internal conversion from
excited states to the LPB. [162]
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Figure 6.4: The strongly coupled tetracene crystal is excited at position y = 0. The
fluorescence is detected by selecting the emission from a small area (d=6.7 µm) at a
certain distance from the excitation spot by changing the position of a pinhole in an
intermediate imaging plane. The back focal plane is mapped on the slit of a spectrometer
that measures light with k y = 0 via a grating on a CCD. Emission measured at different
distances (0, 5, 10 and 20 µm) away from the excitation spot (a-d). (f) Emission integrated
over k y for the 4 distances from the excitation spot. The gray shaded area corresponds to
emission from uncoupled molecules.

In order to study the properties of the propagating LP, we have imaged the Fourier
plane of the emission at different distances from the excitation using a Fourier microscope with an intermediate imaging plane as described in Section 2.1.2. For these measurements, we place a pinhole in the intermediate imaging plane corresponding to a
6.7 µm diameter spot on the sample. By choosing the position of the pinhole in the
imaging plane, we can select the emission originating from a well-defined distance from
the excitation. In Figs. 6.4(a)-(d) we image emission at distances of 0 to 20 µm away
from the excitation spot. The LPB modes are slightly less ‘sharp’ than in Fig. 6.2(e) as
the pinhole in the intermediate imaging plane leads to a lower resolution in the Fourier
plane. At y = 0 the Fourier plane shows emission from both the (0,+1) and the (0,1) LPB and emission from uncoupled excitons (Fig. 6.4(a)). Moving the pinhole in the
imaging plane away from the excitation spot in the +y-direction, the (0,-1) TE excitonpolariton mode, which propagates in the -y direction, is not visible anymore and also the
emission from uncoupled excitons is reduced (Fig. 6.4(b)). Moving further away from the
excitation spot, emission from uncoupled excitons disappears completely (Figs. 6.4(c)
and (d)). In addition to the vanishing emission of uncoupled excitons, the intensity
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distribution of the LPB emission changes as a function of the distance from the excitation spot, indicating an energy dependent propagation length. At y = 5 µm from the
excitation, the LPB is most intense at high energies (from 2.1 -2.3 eV). Further away,
at 10 and 20 µm, the highest intensity shifts to lower energies. Especially, the excitonpolariton at energies close to the tetracene exciton energy disappears completely since it
has a high exciton fraction and the lowest group velocity. Emission at k = 0 and 2.19 eV
disappears as well in Figs. 6.4(c) and (d) since the group velocity of the LPB is zero due
to the interaction between the forward and backward propagating TE modes, forming a
standing exciton-polariton mode. To stress further these effects, the spectra of the emission integrated over all (measured) wave vectors are plotted in Fig. 6.4(e) and compared
to the fluorescence of the uncoupled tetracene (shown by the gray shaded area in the
same figure). The redshift of polariton emission as the distance from the excitation is
increased is very clear in this figure. It should be noted that this property is unique to
the strongly coupled case as it is not observed for the weakly coupled system, which is
explained as follows: in the strongly coupled system the exciton fraction of the LPB is
energy dependent and therefore the propagation length is energy dependent as well. In
the weakly coupled case, the SLR and the exciton are not hybridized meaning that the
excitons and SLRs propagate independently.

6.3 Molecular Dynamics Simulations
To obtain atomistic insights into polariton propagation, we performed multi-scale Quantum Mechanics / Molecular Mechanics (QM/MM) MD simulations of a tetracene crystal
strongly coupled to the (+1, 0) TE-SLR mode in a periodic one-dimensional lattice. The
tetracene crystal is modeled as 1024 unit cells (Fig. 6.5(a)). Each unit cell of these
crystals contains 250 tetracene monomers, one of which is described at the QM level,
while the other 249 tetracene monomers are modeled with a molecular mechanics force
field. [188] The large system sizes in our simulations (up to 30720 QM and 7649280 MM
atoms), necessitated this rather lower level of theory, which resulted in an overestimation
of the first singlet excited state by ∼ 1.4 eV. The atomistic Molecular Dynamics (MD)
model describing the interaction of the molecules with the cavity is based on the TavisCummings Hamiltonian of quantum optics (Section 1.4.3). To capture the effects of the
cavity dispersion, the model is extended by taking into account the dependence of the
cavity resonance energy and coupling strength as a function of in-plane momentum. Because we are interested in the dynamics of polariton transfer in the positive y-direction,
we only considered the (0,+1) TE-SLR and modeled this SLR with 101 modes equidistant
in k y -space (−8.73 radµm−1 ≤ k ≤ 8.73 radµm−1 ) in a periodic one-dimensional lattice
with a length of 36 µm. To account for the systematic blue-shift of the tetracene excitation energy due to the low level of QM theory employed in our simulations, a 1.44
eV energy offset was added to the SLR dispersion. The tetracene crystal unit cells were
placed directly on top of the plasmonic silver nanoparticles that were modeled implicitly
as an inhomogeneous electric field with a spatial distribution that reflects the local field
strength, obtained from FDTD simulations of the near fields. The finite SLR lifetime was
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Figure 6.5: (a) Schematic illustration of the simulation setup with the insets showing
one of the 512 unit cells modeled in MD simulations. The tetracene monomer described
at the QM level is shown in ball-and-stick representation, while monomers in the MM
subsystem are represented by sticks. (b) Angle-resolved absorption spectrum when the
crystal is strongly coupled to the modes of the (0, +1) TE-SLR. (c) Time evolution of
the excitonic (black) and photonic (red) fractions of polaritons in the tetracene-SLRs
strongly coupled system, as well as population of the ground state occupation (green), in
which no photon is present. (d) Wave-packet motion along the +y direction. For clarity,
a vertical offset is added to wave packets at different time points. (e) Angle-resolved
photoluminescence spectra observed through pinholes located at various distances
along the y-axis. Intensities in these plots are scaled by the same factor for each pinhole.
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included in the simulations as a k y -vector dependent first-order decay of the confined
light modes. To model the non-resonant excitation with the pump laser, we started the
simulations with the QM subsystem of the first unit cell ( j = 1) in the first electronic
j =1
excited singlet state (S1 ).
In line with the observations from the imaging experiments, also the MD simulations
suggest a rapid propagation of exciton-polaritons over several micrometers after nonresonant excitation into a single tetracene monomer of the crystal. Figure 6.5(b) shows
the angle-dependent absorption of the tetracene crystal interacting with the (0,+1) TESLR. The avoided crossing between the upper and lower absorption branches suggests
that the system is in the strong coupling regime, with a Rabi-splitting of ∼ 250 meV.
Because the nuclear degrees of freedom are described classically in our simulations, we
can only couple the vertical S0 →S1 transition without vibronic progression. Therefore
the UPB is clearly visible in our simulations, in contrast to the experiment.
As shown in Fig. 6.5(d) the wave-packet spreads out during propagation, covering an
increasing area of the tetracene crystal with time. This panel also resolves how much
the exciton on the tetracene unit cells contributes to the wave-packet. These contributions are manifested by the spikes that indicate where the excitons are transiently
located during the wave packet propagation. The finite lifetime of the SLR modes and
the competition between propagation and radiative decay into the overall ground state
(green curve in Fig. 6.5(c)), restrict the maximum propagation length in our simulations
to below 20 µm in 100 fs (Fig. 6.5(d)).
Closer inspection of the wave-packets reveals that the non-adiabatic relaxation of the
photo-excited tetracene molecule induces a continuous transfer of population into polaritonic states forming the LP branch, which then propagate into the +y direction with
their respective group velocities. As these group velocities span a wide range, including
zero, the transport appears diffusive, rather than ballistic. Because polaritonic states at
lower energy have (i) higher group velocities, (ii) longer life-times, and (iii) lower exciton
fractions, the lower energy wave-packets propagate faster and for longer periods of time,
hence also further. In Fig. 6.5, this is manifested by (i) a narrow peak traveling ahead of
the rest of the wave packet in panel (d), and by (ii) a red-shift in the maximum intensity of
the photo-emission at larger distance (panel (e)). The latter observation is in agreement
with the dispersion measurements and suggest that the MD simulations capture the
polariton dynamics at least qualitatively.

6.4 Propagation Length
To quantify the propagation length of exciton-polaritons experimentally as a function
of energy, we map the emission intensity as a function of the distance from the laser
excitation (Fig. 6.6 (a)). To reduce the contribution of scattered uncoupled emission of
tetracene, we follow the method proposed by Zakharko and co-workers: [70] We excite
the crystal 2 µm away from the edge of the array, and normalize the measurements to the
emission intensity at the edge. We also verify the observed exciton-polariton propagation
using FDTD simulations. For these simulations, we consider a system of 25×61 silver
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particles covered with tetracene and place a radiating point dipole, that simulates the
focused laser excitation, at the edge of this finite array. The dipole is oriented with a
moment along the dominant SLR electric field component in the center of four particles.
This choice is motivated to increase the coupling of the emission to the SLR and to reduce
the quenching of this emission by avoiding the near-field coupling to higher order multipoles in the nanoparticles. The square of the electric field amplitude |E |2 in the tetracene
crystal obtained by FDTD simulations is plotted in Fig. 6.6(b) after normalization at a
position of 1.5 µm away from the dipole to exclude the near-field contribution of the
point dipole emission. The simulated exciton-polariton propagation agrees qualitatively
with the experimental propagation data. This simulation shows an increasing value of
the propagation length for low energies and a similar dip in this propagation length at
approximately 2.2 eV, where the (0,+1) and (0,-1) polaritons cross. It should be noted,
however, that the decay of |E 2 | in the FDTD simulation is roughly a factor of 2 faster
compared to the experiment as can be appreciated from the different color scales used in
Figs. 6.6 (a) and (b).This quantitative discrepancy between simulations and experiments
could be due to a reduction of the quality factor of the resonances in the simulations due
to the limited dimension of the array, [189] and the fact that a single point dipole can not
fully capture the effects of the laser excitation.
We fit the experimental data of the decaying fluorescence with an exponential function
−

y

(e L p +background), where L p is the propagation length, and y the distance from the excitation source. The emission intensity decay and the fit to the data are given in Fig. 6.6(c)
for an energy of 2.3 eV, i.e. close to the exciton resonance (orange circles and curve),
and for 2 eV, i.e. far away from the exciton resonance (blue circles and curve), clearly
showing the difference in propagation length. In Fig. 6.6(d), we show with a black dashed
curve the results of the fits to the decay of the fluorescence intensity as a function of the
energy. We also obtain the propagation length from the far-field emission as the inverse
of the imaginary component of the wave vector (1/Im(k y )) of the LPB, corresponding to
1/∆k y [160, 190] for each energy (gray curve in Fig. 6.6(d)). This linewidth is determined
by fitting a Lorentzian function to the emission spectrum of Fig. 6.2(f). The propagation
length for the strongly coupled case is clearly much larger than for the case when the
cavity field and tetracene dipoles are orthogonal, as appreciated when comparing the
propagation lengths obtained from the real space images of the fluorescence and plotted
with the blue dotted curve in Fig. 6.6(d). The origin of the propagation for the weakly
coupled system is the coupling of emission into the SLR, followed by out-coupling at a
different position. As reference, we also plot in Fig. 6.6(d) with the red curve the measured propagation length of excitons in the same tetracene crystal but outside the array
to account for non-optimal focusing of the laser itself (including internal reflections in
the substrate), for propagation due to diffusion of triplet states followed by triplet-triplet
annihilation into a singlet state [37, 191] or due to the emission and re-absorption of the
fluorescence.
The exciton-polariton propagation length, as determined from the dispersion measurements and the real space emission spectra, are in excellent agreement and show a
propagation length of 9 µm at 1.95 eV. The low energy polaritons have a high photonic
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Figure 6.6: (a) Real space map of the propagation of exciton-polaritons as a function of
energy, normalized by the intensity at a distance of 2 µm away from the laser excitation.
(b) FDTD simulation of the propagated squared electric field intensity |E |2 in an array
of 61×25 particles with a dipole at y = 0. (c) Cross section of the emission intensity as
a function of distance from the excitation spot for an energy of 2 eV (blue circles) and
2.3 eV (orange circles), corresponding to the horizontal lines in (a). The solid lines are
exponential fits to the data. The propagation length obtained from fitting the decay at
energies between 1.95 eV and 2.45 eV is plotted in (d) with the black dashed curve. This
curve matches excellently with the propagation length obtained from the dispersion of
Fig. 6.2(f) as 1/∆k y , given by the gray curve. The red curve corresponds to the measured
propagation length in the tetracene crystal in absence of the particle array.

content, which explains the long propagation length. The excitonic/photonic fraction
of exciton-polaritons are given by the mixing coefficients that can be estimated by fitting the dispersion measurements to the Hamiltonian of the coupled system (Section
1.4.4), [192]


E SLR − i γSLR
g1
g2
,
g1
E exc1 − i γexc1
0
H =
(6.1)
g2
0
E exc2 − i γexc2
where E SLR is the angle dependent energy dispersion of the SLR, which is obtained
through the coupling of the LSPR and the Rayleigh Anomalies (RAs) as obtained with
a similar coupled model and plotted in Fig. 6.7(a) with the black curve. γSLR are the
losses of the SLR, which depend on the in-plane momentum as they increase when the
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cavity dispersion approaches the LSPR energy. E exc1 and E exc2 are the two excitonic
transitions of tetracene, i.e. the S0 →S1 transition and the vibronic progression, centered
at 2.38 and 2.58 eV, with their losses estimated from the fwhm of the spectrum, yielding
γexc1 = γexc2 = 140 meV, respectively. The exciton energy of 2.38 eV is indicated in
Fig. 6.7(a) with the horizontal black line. The coupling strengths between the SLR and
the exciton transitions are denoted by g 1 and g 2 , respectively, with g 1 = 160 meV and
g 2 = 60 meV. The fact that g 1 is larger than the losses indicates that the system is in the
strong coupling regime. [107] The diagonalization of this matrix gives the eigenvalues
and eigenvectors of the coupled system. The eigenvalues are plotted with the red dashed
curves in Fig. 6.7(a) as a function of the in-plane wave vector.
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Figure 6.7: (a) Dispersion measurements and fitted dispersion (red dashed curves) of
the strongly coupled system with a coupled oscillator model. The black curves are the
dispersion of the uncoupled SLR and exciton. (b) Fluorescence map obtained by exciting
the system at the edge of the array in order to only excite the (0,+1) TE-mode. The
fluorescence follows the same dispersion as the extinction map. The SLR fraction (orange
curve) and exciton fraction (blue curve) of the LPB as obtained by the coupled oscillator
model is shown in (c) as function of the in-plane momentum and in (d) as function of
LPB energy.

For propagation in the +y direction, we are only interested in the LPB since there is no
emission from the middle and upper polaritons due to the fast internal conversion to the
dark states and LPB. We only look to the propagation along the +y direction and therefore
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focus on the (0,+1) TE-LPB mode. We can visualize this mode when the tetracene crystal
is excited at the edge of the particle array and look to the fluorescence in the Fourier
plane. In Fig. 6.7(b) we can see that this mode overlaps with the fitted (+1, 0) polariton mode (red-dashed curve). As a reference, the exciton transition at 2.38 eV and the
uncoupled SLR are plotted with the black line and curve in the same figure.
The exciton fraction and SLR fraction of the different polariton modes are given by
the Hopfield coefficients that are obtained by squaring the amplitude of the eigenvectors. [193] The Hopfield coefficients for the (0,+1) TE-lower polariton band are plotted
in Fig. 6.7(c) as a function of the in-plane wave vector. The exciton fraction of the (0,+1)
mode (blue curve in Fig. 6.7(c)) increases as LPB approaches the exciton transition at
larger wave vectors, while the SLR fraction decreases (orange curve). The small jump in
both curves at k = 0 corresponds to the gap in the LPB, due to the coupling of the (0,+1)
and (0,-1) SLRs, that is visible in Figs. 6.2(d) and 6.7(a). The SLR and exciton fractions
as a function of LPB energy are plotted in Fig. 6.7(d), showing the reduction of the SLR
fraction and increase of the exciton fraction as the LPB approaches the exciton energy.
We are mostly interested in the exciton fraction that gets transported through the
LPB mode. Combining the data of Figures 6.6(d) and 6.7(d), we obtain the propagation
length as a function of exciton fraction, which is plotted with the black dashed curve in
Fig. 6.8(a). In general, this curve shows a decreasing trend for higher exciton fractions,
which is as expected due to the localized character of the excitons. The reduced polariton
propagation at the crossing point of the forward and backward propagation SLRs at k = 0,
is visible as a dip in the propagation length at 2.21 eV. From the figure we can see that
at an exciton fraction of 50%, the propagation length is 4.4 µm. In the same figure,
we also plot the propagation length as measured for the weakly coupled system (blue
dotted curve). The much shorter propagation length when the dipoles are orthogonal
illustrates again the effect of the relative dipole orientation on the transport properties
of the system. We speculate that the measured propagation length in the weakly coupled
crystal is due to singlet fission resulting in long-lived triplet states followed by triplettriplet annihilation at a distance from the excitation spot, emission and reabsorption of
excited states or scattering of the pump laser.
A plot of propagation length as a function of exciton fraction (Fig. 6.8(b)) shows a
similar trend for the MD simulations. However, in contrast to experiment, the minimum
propagation length is zero. This difference arises because the initial excitation in the
simulation is localized on a single QM subsystem and the purely excitonic states do
not display a diffusive behavior because J-couplings governing incoherent hopping of
excitons between adjacent tetracene monomers are not included in the MD model. More
importantly, the agreement between experiment and simulations for exciton fraction up
to 0.6, support our interpretation that exciton transport is significantly enhanced under
strong coupling to the SLRs.
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Figure 6.8: (a) Propagation length as a function of exciton fraction of the LPB (black
dashed curve). A propagation length up to 9 µm is reached for low exciton fractions,
but even at an exciton fraction of 0.5, the propagation length is 4.4 µm. The dip in
propagation length at an exciton fraction of 0.4 corresponds to the gap in the dispersion
of the LPB. The blue dashed curve shows the measured propagation length of excitons
in a weakly coupled tetracene crystal, i.e., a crystal with the dipoles perpendicular to the
cavity field. (b) Propagation length as a function of exciton fraction of the LPB obtained
from the MD simulations.

6.5 Conclusions
The anisotropic properties of tetracene make this organic semiconductor an ideal platform for studying polariton propagation. By choosing the orientation of the strongest
excitonic transition dipole moment with respect to the field in an open plasmonic cavity
formed by an array of Ag nanoparticles, we were able to switch from the weak to the
strong coupling regime. In the strong coupling regime, we measured an exciton polariton
transport length with a decay constant of 4.4 µm at 50% exciton fraction, that showed a
strong dependence on the photonic fraction of the exciton-polaritons.
A one-to-one comparison of the ballistic transport length in strongly coupled tetracene
and the exciton diffusion length of uncoupled tetracene crystals is not straightforward,
as the ballistic transport is directional, while diffusion is a random walk process. We can
however conclude that the exciton polariton propagation length is two orders of magnitude larger than the diffusion length of singlet excitons in tetracene (L D ≈ 50 nm). [35]
and even a factor 10 larger than triplet mediated exciton diffusion L D ≈ 560 nm. [37]
MD simulations qualitatively confirmed the enhanced exciton-polariton transport and
revealed that the exciton polaritons are populated via non-adiabatic relaxation of the
photo-excited tetracene molecules, and that these exciton-polaritons then propagate
with their respective group velocities. The µm long propagation of the wave packets was
achieved on timescales faster than 100 fs, being orders of magnitude faster than exciton
diffusion, proceeding on a ns to µs time scale. The enhanced exciton polariton transport is a promising mechanism for enhancing the transport in organic devices. Future
experiments should answer the question whether the energy of the polaritons can be
transferred efficiently to acceptor materials.
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S UMMARY AND F UTURE
P ERSPECTIVE
Summary
Organic semiconductors are an emerging class of materials for the application in optoelectronic devices, such as solar cells and organic light emitting diodes (OLEDs). For
this purpose, it is important to tune materials properties to specific requirements, such
as efficient light absorption and emission, long excited state lifetimes or more exotic
properties (such as singlet fission). One of the advantages of these organic semiconductors over conventional inorganic semiconductors is that by changing the design of the
molecules, many different properties can be generated. Historically, these modifications
to the properties are achieved by synthesizing different molecular structures. Although
the possibilities of molecular synthesis are endless, some properties, such as the exciton
diffusion length are still limited. Therefore, we investigated in this thesis the possibility
of changing materials properties by the interaction with light trapped in optical cavities.
Advancements in nanofabrication techniques enabled the structuring of matter on
the scale of the wavelength of light. By doing so, the interaction of light and matter
may be enhanced, leading to new interesting properties. In our research, we designed
a nanostructure consisting of silver nanoparticles placed in an rectangular lattice, such
that the cavity supports resonances in the optical regime. When tuning the optical
resonance to the exciton energy in an organic semiconductor, the light in the cavity and
the exciton may interact when the semiconductor is placed on top of the cavity. When
this interaction is stronger than the average of the losses of the exciton and the cavity,
the interaction results in a hybridization of the exciton and cavity mode and we speak
of the strong coupling regime. The hybridization is described by the introduction of a
quasi-particle called exciton-polariton, with properties of the both the exciton and the
photons in the cavity.
We started in Chapter 1 with a brief introduction to organic semiconductors, the
physical principals of optical resonances in plasmonic structures and an introduction to
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strong light-matter coupling, followed by a description of the optical techniques used
in this research in Chapter 2. In Chapter 3 we looked at the time resolved diffusion
of excitons in (uncoupled) tetracene crystals. The excitons showed a very remarkable
negative effective diffusion, which could not be explained by a diffusion model alone.
Only by incorporating the effects of singlet fission and triplet-triplet annihilation, we
were able to explain the negative effective diffusion. We concluded that understanding
this phenomenon is crucial for reliable measurements of exciton diffusion using time
resolved microscopy techniques.
In the following three chapters, we investigated the strong light-matter coupling of
tetracene crystals with optical cavities. Important features of the strongly coupled system
that are observed in all our experiments on strong light matter coupling are the energy
splitting of the bare resonances in a lower and upper polariton band, extending the light
absorption, and resulting in an enhancement of the emission from the lower polariton
between a factor 5-7, compared to the emission from uncoupled molecules at the same
energy. This enhancement was ascribed to a combination of pump enhancement,
increased outcoupling of the radiation and efficient emission from the LPB.
In Chapter 4 we investigated the coupling strength between the tetracene crystal and
the cavity as a function of the orientation of transition dipole moments in the crystal
with respect to the cavity field. We measured the energy level splitting between the
lower and upper polaritons that were formed by the coupling of the bare exciton and
cavity resonances and showed that we could tune the system from the weak to the strong
coupling regime. This ability to control the coupling strength is important to investigate
how certain properties of the exciton polaritons depend on the coupling strength.
In Chapter 5 we looked into the excited state dynamics of the coupled system. We
found that the strong light-matter coupling resulted in a factor of ∼4 enhancement of
the delayed fluorescence, which was associated with the annihilation of (long-living)
triplet states to singlet excitons, followed by the emission from this state. We explained
this enhancements by the formation of an additional decay channel from the triplet
pairs to the LP, followed by radiative decay.
The goal in chapter 6 was to understand how exciton polariton transport can overcome
the limitations of the low exciton diffusion length in organic semiconductors. By
coupling the localized excitons to the coherent excitations of the cavity we exploited
the group velocity of the optical resonances to transport the coupled excitations
over distances up to 9 µm, depending on the exciton fraction of the polaritons. This
propagation length is two orders of magnitude longer than the exciton diffusion length
of uncoupled singlet excitons. Molecular dynamics simulations revealed that the long
transport length corresponds to the decay of reservoir excitons to the lower polariton,
followed by a propagation with the respective group velocity.
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Future Perspective
In this section we discuss possible future which directions the research could develop to.
We focus on three effects of strong light matter coupling and their possible application
in devices.
The observed enhanced delayed fluorescence in strongly coupled systems is in the
first place fundamentally interesting, as it indicates that the properties of the excited
states in molecules can be modified by their interaction with optical cavities. While for
the application in singlet fission solar cells an enhancement of the SF rate would be
beneficial, the increase of the decay of triplet states, as observed in our experiments
could actually be detrimental for the performance. However, the increase in the delayed
emission could be an interesting property for light emitting devices, such as thermally
activated delayed fluorescence (TADF) based devices, where the emission is originating
by a themrally activated transfer of triplet exciton to a singlet state, followed by emission
from this state. Although the observed enhancement of the delayed luminescence by a
factor of 4 is significant, the strong coupling only ‘lights up’ a small fraction of the total
number of triplet states. To achieve a meaningful improvement of the performance of
TADF-based devices, it is key to enhance the rate from the triplet states to the lower
polariton further. The current low rate is limited by the low density of states of the
lower polariton compared to the number of dark states and it remains an open question
whether this problem can be overcome.
Another possible avenue for the development of polaritonic devices is the increased
exciton-polariton propagation length in the strong coupling regime. Due to the low
diffusion length of excitons in organic materials, a simple organic solar cell, consisting
of a donor and acceptor layer, could only have a thickness of a few nanometers. This
thin layer would severely limit the light absorption and therefore the efficiency of a
solar cell. To solve this issue, the active material in an organic solar cell requires a
complex nanostructrure, where the domains of acceptor molecules are only separated
by a few nanometers from domains of donor molecules, known as a bulk heterojunction.
A problem of this design is that the shape of the domains may change over time,
resulting in a reduced lifetime of the organic solar cell. The enhanced exciton polariton
propagation length, could enable the design of thick bi-layer devices, with an extended
lifetime while maintaining or even improving the efficiency. In order for this to work, it
is crucial that the exciton polaritons in the donor material can be transferred efficiently
to acceptor molecules.
Maybe the most straightforward method to apply strong-light matter coupling in a
opto-electronic device is by exploiting the extended emission and absorption spectra.
Organic solar cells may benefit from the extended responsivity due to an enhanced
absorption is the infrared by the lower polariton band and therefore a higher efficiency.
In literature, experiments have shown enhanced responsivity of photodiodes, but
the cavities used in these experiments are Faby-Pérot cavities, meaning that the
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semiconducting material is sandwiched between two mirrors. A large advantage of
the plasmonic nanoparticle array used in this research, is that the cavity is transparent
over a large part of the electromagnetic spectrum such that external radiation can easily
access the semiconducting materials, making these kinds of open cavities a promising
platform for applications.
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S AMENVATTING
Voor het maken van elektronische apparaten zoals organische zonnecellen en organic
light emitting diodes (oleds) is het belangrijk om materialen te kunnen ontwerpen met
de gewenste optische en elektronische eigenschappen. Organische halfgeleiders zijn
een zeer veelbelovend materiaal voor de toepassing in zulke apparaten, mede doordat
de eigenschappen van deze halfgeleiders op specifieke behoeftes kunnen worden
afgestemd door moleculen in het materiaal te veranderen. Hoewel er door chemische
synthese enorm veel verschillende moleculen met fantastische eigenschappen gemaakt
kunnen worden, zijn er ook beperkingen. Zo is bijvoorbeeld de exciton-diffusielengte
(een eigenschap die te maken heeft met de elektrische geleiding van een materiaal)
beperkt. Daarom onderzoeken wij in dit proefschrift een andere manier om de eigenschappen van materialen te veranderen, namelijk door de interactie van halfgeleiders
met ‘ingevangen’ licht.
Met de opkomst van nanotechnologie is het mogelijk geworden om materialen op
de schaal van de golflengte van het licht te fabriceren. Hierdoor kunnen we een
sterkere interactie tussen licht en materie bewerkstellignen wat kan leiden tot nieuwe
interessante fenomenen. Voor het hier beschreven onderzoek hebben we een nanostructuur ontworpen die bestaat uit zilveren nanodeeltjes die heel precies in een rooster
geplaatst zijn op een afstand die overeenkomt met de golflengte van het licht, zodat er
precies één lichtgolf (foton) tussen de zilveren nanodeeltjes past. Doordat de fotonen
moeilijk kunnen ontsnappen uit deze zogeheten trilholte, blijven ze voor langere tijd
gevangen waardoor we dit licht kunnen manipuleren. Als we op de nanostructuur een
organische halfgeleider aanbrengen die een band gap heeft die overeenkomt met de
energie van het gevangen foton, kunnen er nieuwe eigenschappen van het materiaal
ontstaan met gedeeltelijk de eigenschappen van het licht in de trilholte en gedeeltelijk
de eigenschappen van het molecuul.
Het ontstaan van die nieuwe eigenschappen kan als volgt worden begrepen: het
gevangen foton in de trilholte kan geabsorbeerd worden door de halfgeleider wat
resulteert in een geëxciteerd elektron-gat-paar (exciton). Wanneer dit exciton weer
vervalt, zendt het een foton uit maar omdat dit foton gevangen wordt in de trilholte
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ontsnapt het niet aan het systeem en kan het dus even later door een ander molecuul
opnieuw geabsorbeerd worden: een cyclus die zich meerdere keren kan herhalen. Nu
blijkt het zo te zijn dat de eigenschappen van deze excitatie niet langer te beschrijven
zijn als de eigenschappen van het foton en het exciton alleen, maar dat ook de
interactiesterkte tussen de twee moet worden meegenomen in de beschrijving van
het systeem. Om de beschrijving van het systeem gemakkelijker te maken, wordt
combinatie van het exciton, het licht in de trilholte en de onderlinge interactie vaak
beschreven als één quasideeltje, polariton genaamd. Deze polaritonen hebben een
nieuwe resonantiefrequentie die zich het duidelijkst uit in een verandering van de
absorptie en emissie van licht door het systeem.
In dit onderzoek hebben we met betrekking tot deze licht-materieinteractie drie
ontdekkingen gedaan. Ten eerste hebben we een manier gevonden om de sterkte
van de interactie te beïnvloeden door de oriëntatie van de halfgeleidende moleculen
in de trilholte te veranderen, waarmee we ook (tot op zekere hoogte) de optische
eigenschappen konden bepalen.
Ten tweede hebben we het verval van de excitonen onderzocht door de tijdsafhankelijke
fluorescentie te vergelijken van de moleculen in de trilholte en daarbuiten. We zagen
dat de moleculen in de trilholte langere tijd na de absorptie van fotonen meer licht uit
bleven zenden. Om dat te verklaren stelden we de hypothese op dat dit werd veroorzaakt
doordat de resonantiefrequentie van de (singlet) excitonen verlaagd was, waardoor
langlevende triplet excitonen via dit energieniveau konden vervallen door middel van
de emissie van een foton in plaats van door warmte. Hoewel de zogenoemde vertraagde
fluorescentie in de trilholte wel tot een factor 4 hoger was dan erbuiten, is het nog niet
sterk genoeg voor commerciële toepassingen. Desalniettemin is het een zeer interessant
fenomeen dat verder onderzocht moet worden en wellicht in de toekomst kan bijdragen
aan het ontwikkelen van verbeterde oleds.
Als laatste onderzochten we de afstand die de gekoppelde excitonen in de halfgeleider
aflegden voordat ze vervallen, dit is een belangrijke eigenschap voor materialen in
organische zonnecellen. We ontdekten dat deze afstand in de trilholte tot wel honderd
keer langer is dan buiten de trilholte. Dit is een zeer veelbelovend resultaat, maar
vervolgonderzoek moet vaststellen of deze getransporteerde polaritonen, die dus
gedeeltelijk de eigenschap van fotonen hebben, nog nuttig gebruikt kunnen worden.
Om dit te onderzoeken zouden we moeten meten in hoeverre deze getransporteerde
polaritonen kunnen overspringen op een ander type molecuul. Als dit inderdaad
efficiënt blijkt te gebeuren, dan biedt dit mogelijkheden om het ontwerp van zonnecellen
te vereenvoudigen, en de levensduur te verlengen zonder aan elektriciteitsopbrengst in
te boeten.
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