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Abstract

Strong light-matter coupling between excitons of acene crystals and photons in a plasmonic cavity
is a promising avenue for increasing the e�ciency in organic solar cells. Strong coupling leads
to an increase in singlet �ssion in these crystals as it has been recently predicted [1]. In this
research, we measure the e�ect of strong light-matter coupling in di�erent tetracene crystals on
a silver nanorod array that de�nes an optical cavity. We examine the angle-dependent extinction
spectrum of the bare silver nanorod array and the spectrum of a tetracene crystal on top of
the same silver nanorod array. We investigate the extinction spectrum of multiple crystals on
top of the array with di�erent thicknesses with back focal spectroscopy, and compare the Rabi
energy de�ning the coupling strength. We verify the relationship between the thickness and the
Rabi Energy in a strongly coupled acene crystal and model the upper and lower polariton. The
results show that the Rabi energy can be tuned by varying the thickness of the crystal. These
measurements illustrate the potential in tuning the amount of singlet �ssion in acene crystals by a
simple change of a geometrical parameter, which could lead to an increase of the solar conversion
e�ciency in acene photo-voltaic cells [1].
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Chapter 1

Introduction

1.1 Strong Coupling in Solar Cells

In the 21st century, the greatest challenge of modern society is to combat climate change. Reducing
our total energy consumption and improving our sources of renewable energy are two ways to
achieve that. In the last 40 years, one of the most drastic improvements in this regard has been
the ever-increasing e�ciency of photo-voltaic (PV) processes [6]. Organic semiconductors are at
the core of this mechanism: they are the key component in organic solar cells, OLEDS, and other
opto-electronic devices. However, standard solar cells, which are based on inorganic materials such
as silicon, are still the most used today as they achieve high power conversion e�ciencies, reaching
20 % for mono-crystalline devices [7], and have a high stability. Silicon solar cells trace their origin
back to the 1950's [8], and have developed substantially in the last 65 years. Presently, silicon
solar cells still have high manufacturing costs which makes lacking in competing with conventional
energy sources. Solar cells made from organic semiconductors o�er a cheaper alternative as organic
materials are processable at high throughput with low manufacturing costs per volume [9].

Inorganic and organic (excitonic) solar cells function in fundamentally ways: excitonic solar cells
(XSCs) form excitons when they absorb light, while conventional solar cells directly form free
electron-hole pairs. The exciton is an electrically neutral quasi-particle, sometimes seen as an
bound electron-hole pair. Because an exciton has a strong binding between the electron and the
hole, it functions as an excited mobile state [10], which is neutral in charge. To generate charge
carriers in a XSC, excitons �rst have to di�use to an interface, and then dissociate into a free
electron-hole pair. Unfortunately, this means that organic solar cells still have a way to go: most
devices have an e�ciency of only 10 % [11].

By placing an organic semiconductor in an optical cavity, e.g. between mirrors, it is possible to
change the rate of absorption/emission of the material. If the interaction between the optical
cavity and the organic semiconductor is strong enough, not only spontaneous absorption/emission
will be modi�ed, but the energy levels which relate to this emission are changed as well. The
resulting energy level of the exciton will now be split, and inherently linked to the modes of
optical cavity [12]. This coupling between optical cavity and organic semiconductor is known as
strong (light-matter) coupling, and the energy di�erence between the now newly splitted energy
levels is named Rabi splitting [13]. The resulting hybrid light-matter system presents an interesting
�eld of research regarding organic semiconductors in solar cells.

Some organic semiconductors have the interesting property that a singlet exciton can split into
two triplet excitons. This splitting, which is generally called singlet �ssion, creates more excitons,
which in turn can act as energy carriers. It has been shown that in theory, strong coupling could
result in an increase in singlet �ssion [1]. The Shockley-Queisser [14] theoretical limit of the
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e�ciency of single p-n junction solar cells is set at 32%. There are two reasons why this limit
exists: some photons incident on a solar cell will always stay unabsorbed, and the photons that are
absorbed will convert their energy that is in surplus the materials band-gap to heat. Singlet �ssion
can increase this e�ciency from a single junction PV solar cell to a staggering 44.4% [15].

In this Bachelor's thesis we want to examine strong coupling in tetracene crystals, an organic
semiconductor material which exhibits singlet �ssion and speci�cally, how the thickness of such a
tetracene crystal in
uences the strong coupling in the resulting hybrid light-matter system. An
optical cavity can be created using a silver nanorod array, where the plasmonic behaviour of the
nanorods and the di�raction behavior of the array allow light to couple with tetracene crystals.
The tuning of the energy levels is then dependent on the parameters of the array, and the amount
of molecules in a tetracene crystal [16]. By considering crystals with dissimilar thicknesses, we
want to verify the relationship between the amount of organic molecules in the strong coupled
system and the Rabi splitting between the newly created energy levels of this system. In this way,
we could tune the energy levels of the new strongly coupled system, related to the thickness of the
crystal deposited on top of the optical the cavity.

As theory has shown that strong coupling could in
uence singlet �ssion [1], changing the amount
of Rabi splitting could have a positive or negative in
uence on the singlet �ssion in that material.
Further research could �nd a relationship between the Rabi energy and the singlet �ssion in a
material.

1.2 Singlet Fission

In quantum mechanics, individual particles can exist in a particular quantum state with a de�ned
spin. An electron and a hole (absence of an electron) are1/2 -spin particles. The exciton, a
quasi particle which often is seen as an bound electron-hole state, can thus exist with a total
spin 0 (for an electron and hole with opposite spin) or1 (for an electron and hole with the same
spin). These electronic states are called singlet (0) and triplet ( 1) states respectively. As we
have discussed in the introduction, there are materials that can exhibit singlet �ssion: splitting
a singlet (paired) exciton into two triplet (unpaired) excitons. With more excitons in a material,
more can di�use to an interface and dissociate into free electron-hole pairs. These free charges
can then move independently and conduct photo-current [10]. There are con
icting reports, but
recent literature suggests that an increase in singlet �ssion could lead to an increase in the external
quantum e�ciency of the material in photo-voltaic devices [17, 18]. The process of singlet �ssion
is schematically shown in �gure 1.1. The lowest singlet energy is given by S0 (ground state),
and the lowest triplet energy by T1. An incident photon excites one electron to a higher singlet
energy level (S0� S1), thus creating an exciton. Then, one exciton interacts with an electron to
exchange electrons or holes. When the combined two triplet states of the system have an equal
or smaller energy than one of the singlet states, 2T1� S1, the singlet exciton can decay into two
lower energy, triplet excitons with energy T1 [19].
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Figure 1.1: A diagram of mediated singlet �ssion

1.3 Surface Plasmons

Metal (or semiconductor) surfaces and nanostructures can function as antennas to convert an
electromagnetic wave into an induced and bounded electric �eld. These electric �eld 
uctuations,
which are coherent oscillations of electrons that exist on the interface between a metal and dielectric
(e.g. silver and air), are namedsurface plasmons(SPs) [20]. These SPs are often seen as the quanta
of these oscillations. A good comparison can be made to phonons in condensed matter physics,
which are the quantization of mechanical vibrations in atoms or molecules. SPs can exist on the
surface between a conductor and a dielectric in two di�erent forms: propagating or localized.

A propagating surface plasmon(PSP) can be induced in an extended surface or in a slab waveguide
that has at least one dimension much larger than the wavelength of the incident electromagnetic
wave. An incident light beam will excite electrons in the direction of this longer dimension, and
produce a propagating electron density wave in the same direction. This moving charge density
wave results in the creation of an electromagnetic �eld in the dielectric and the metal. The surface
plasmon, which is most often seen as the electron density wave together with the associated
electromagnetic wave, will exist in the planar metal-dielectric interface, along the direction larger
than the wavelength of the incident electromagnetic wave. At the boundary of a conducting
structure, PSPs will be re
ected, and thus the phase and amplitude can vary [2]. The working
principle of a PSP is shown in �gure 1.2B.

Localized surface plasmon resonance(LSPR) is bound in a small nanostructure that is smaller
or comparable in size to the wavelength of the incident electromagnetic wave, e.g. a nanosphere
or nanorod. Upon excitation of the nanoparticle by an electromagnetic wave, the electric �eld of
this wave generates an oscillation of electrons. This oscillation results in the displacement of the
electron cloud with respect to the nuclei, leading to the accumulation of polarization charges on
the closed surface of the nanoparticle. In small particles, this will lead to a dipolar distribution
and thus, an electric �eld as well. The oscillations of electrons in the nanoparticle and the res-
ulting associated electric �eld around that nanoparticle is what most often regarded as the LSPR
[21].
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Figure 1.2: A �gure illustrating the two di�erent kinds of surface plasmons. (A): LSP
at a silver nanosphere interface. The electric �eld E0 creates oscillating dipoles in the
nanostructures. (B): The incident electromagnetic wave with propagation vector k
and amplitude E0 couples the light in the the long axis of the nanowire, which creates
an PSP. This �gure is retrieved from M. Rycenga's "Controlling the Synthesis and
Assembly of Silver Nanostructures for Plasmonic Applications" [2].

1.4 Rayleigh Anomalies

Di�raction gratings can be used to couple incident electromagnetic waves to surface waves. This
was �rst observed by Lord Wood [22] and later described mathematically by Lord Rayleigh [23].
Certain peaks appear in the spectrum of the grating when light is shined on it with a �xed angle
at speci�c wavelengths. These so-called"Rayleigh anomalies" (RAs) correspond to di�raction
orders along the surface of the grating, and depend on the grating period and the refractive index
of the surrounding medium [24]. Lord Rayleigh came up with the condition that the incident and
di�racted wave vectors, ~kdi�

k and ~k in
k are related by the following grating equation,

~kdi�
k = ~k in

k + ~G; (1.1)

where ~G is the reciprocal vector of the lattice. This reciprocal lattice vector is equal to 2�
a ~u, with

a the lattice constant and ~u the unitary vector along the axis with recurring lattice points. In
�gure 1.3a and 1.3b, a square lattice in reciprocal space is shown, including its reciprocal space
vectors. When the nanoparticles that were described in section 1.3 are placed in an array, it acts
similar to a di�raction grating.

Suppose that light is shined on such an array with small angle. If this light is TE-polarized, the
coupling which is perpendicular to that direction will be along the same axis as the small angle.
The result is that the di�racted wave vectors ~kdi� in both directions on that axis will not have
the same length and thus, are not degenerate. This is better seen in �gure 1.3a, which shows the
reciprocal lattice vector of a nanoparticle array. Rotating the lattice leads to an extra wave vector
~kx which is added to ~G. This leads to two di�erent di�racted wave vectors ~kdi� and an extra term
in the resulting di�raction equation for incident light with TE-polarization. This extra term leads
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to a linear dispersion.

In the case that the incident light has TM-polarization, as seen in �gure 1.3b, the coupling will
not be along the same axis as the small �xed angle. Here, the extra wave vector~kx which is added
due to the rotation of the array is not in the same direction as ~G. This leads to di�racted wave
vectors ~kdi� which have the same length and are degenerate with a parabolic dispersion.

We can calculate the dispersion of the RAs using equation 1.1, with~E = ~pc, with ~p the momentum
of the photon, and c the speed of light in the vacuum. By relating the momentum to the wave
vector with ~p = h~k, the dispersion equations can now be retrieved [25]. The resulting equations for
the parabolic and linear RAs (di�racted orders in plane of the array) are then as follows:

E par
RA =

hc
�n

r
~k2

k + (
2�
a

~u)2; (1.2a)

E lin
RA =

hc
�n

(~kk +
2�
a

~u): (1.2b)

To generalize the equations, we divide by the refractive index of the medium surrounding the
lattice n. The linear dispersion corresponds to di�racted orders in the direction parallel to the
incident wave vector (TE), while the parabolic dispersion corresponds to the di�racted orders
perpendicular to the incident wave vectors (TM). These dispersions of the RAs of a square lattice
are represented in �gure 1.4.

(a) Di�racted wave vectors in reciprocal
space when the incident light is TE-
polarized.

(b) Di�racted wave vectors in recip-
rocal space when the incident light is
TM-polarized.

Figure 1.3: An illustration of a square lattice in reciprocal space including,
� = ~G, the reciprocal vector,
� = ~kx , the rotation wave vector,
� = ~kdi� , the di�racted wave vector,
� = ~P , the polarization of the light.
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Figure 1.4: The calculated RAs of a square lattice with lattice constant a = 380 nm and the refractive
index of the surrounding medium n = 1.49.

1.5 Surface Lattice Resonances

We have now described 2 scattering resonances: localized surface plasmon resonance and Rayleigh
anomalies. If light is shined on an array of plasmonic nanoparticles, an interaction between
the two resonances takes place. LSPRs convert energy of the electromagnetic wave into electric
�eld oscillations as a result of an induced dipole in plasmonic nanoparticles, while via Rayleigh
anomalies, a part of the incident electromagnetic wave will be scattered parallel to the lattice,
dependent on the wave vector~kk of that wave. The coupled resonances are often referred to as
Surface lattice resonances(SLRs). To model this coupling, we can set-up the Hamiltonian of the
coupled system,

H =
�

ELSPR 


 � ERA (~kk )

�
; (1.3)

where ELSPR is the energy of the LSPR,ERA (~kk ) is the energy of the Rayleigh anomaly, and 
 is
the coupling strength. The eigen-energies can be found by diagonalizing the Hamiltonian, which
gives,

E �
SLR =

ELSPR + ERA (~kk )
2

�
ELSPR � ERA (~kk )

2

vu
u
t 1 +

 
2


ELSPR � ERA (~kk )

! 2

: (1.4)

In �gure 1.5, the energies of the LSPR, the RA, and the coupled SLR modes are plotted for a
silver nanorod lattice with lattice constant a = 380 nm. Here, the coupling ofELSPR (orange line)
and ERA (~kk ) (blue line, from a TE mode) results in the two separate SLRs (red dotted curves),
with eigen-energies retrieved from equation 1.4.

The splitting of the individual states into the new coupled states is dependent on the coupling
strength 2
. From the measurements of a bare nanoparticle array, we concluded having 2
 being
linearly dependent on the parallel wave vector~kk gave the best results for �tting the SLR band.
In �gure 1.5, 2
 ranges from 
 min = 0.005 eV to 
 max = 0.44 eV, for ~kk = 0 rad =µm to 5 rad=µm.
To mimic a real system, a damping factor i
 is added to both the energy of the LSPR and the
energy of the Rayleigh anomaly. In the �gure, 
 RA and 
 LSP R are set as 0.20 eV and 0.30 eV
respectively. These values have no particular meaning for now, as this �gure is just an illustration
of how the LSPR and RA modes interact.
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Figure 1.5: A graph of the coupled localized surface plasmon resonance mode and
linear Rayleigh anomaly mode in a silver nanorod array with lattice constant a =
380 nm. The blue line is TE RA mode from �gure 1.4 and the orange line is the
localized surface plasmon resonance energy at 2.66 eV. The red dotted curves are the
eigen-energies of the coupled modes

1.6 Strong Light-Matter Coupling

In section 1.2, we discussed the prospects of singlet �ssion in excitonic materials, and how it could
increase photo-voltaic performances of solar cells and OLEDs made of these materials. Later,
in section 1.5, the interaction between LSPRs and RAs and the resulting formation of SLRs in
a nanoparticle array were described. When an excitonic material is placed on top of such a
nanoparticle array, the excitons interact with the SLR energy. At the energy of the exciton, a
splitting of the SLR and exciton energy will take place, resulting in 2 hybrid light-matter states.
This splitting in
uences the molecular states of the excitonic material and, as a result, its electronic
properties. The splitting of the SLR-exciton mode is called theRabi splitting, and if the combined
excitonic-plasmonic coupling is strong enough, it is generally referred to asstrong coupling [13].
Rabi splitting has an in
uence on many di�erent properties of the excitonic material, such as the
e�ective mass, de-localization of the wave function and energy levels of the excitons-polaritons
[26, 27]. Figure 1.6 gives a schematic overview of how strong coupling splits the combined light-
matter state. The resulting excitonic-plasmonic system splits the energy of the cavity mode given
by the SLRs (~! c, which is tuned to the singlet energy DS) into an upper exciton-polariton band
(P+) and lower exciton-polariton band (P-). The Rabi energy is given by ~
 Rabi .

Strong coupling can be approximated as two coupled harmonic oscillators consisting of the ex-
citonic material and the SLR modes of the array. In P. T•orm•a's "Strong coupling between surface
plasmon polaritons and emitters: a review", a relationship is given between the Rabi splitting fre-
quency 
 and the amount of excitons N in an optical cavity, using that particular approximation
[16],
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Figure 1.6: A �gure showing the Rabi splitting of a combined excitonic-plasmonic
system. The molecular transition S1 has the same energy as the cavity mode (~! c).
P+ and P- are the energy levels of the strong coupled system, de�ned by the Rabi
splitting ~
 Rabi , The black dashed line is the energy of the original singlet state (DS)
[3].


 =

r
N
V

e
p

� 0m
: (1.5)

with V the mode volume of the SLR,e the electric charge of an electron,m the e�ective mass, and
� 0 the electrical permittivity in vacuum. The Rabi-frequency is thus proportional to the square
root of the concentration of the strongly coupled molecules. By changing the thicknesst of the
excitonic material on top of the nanoparticle array, we can tuneN , and thus the Rabi splitting.
Here we assume that the mode volumeV of the SLR stays constant regardless of the thickness of
the tetracene crystal deposited on the nanoparticle array. In reality, this assumption is not fully
correct, and the thickness of the crystal on the nanoparticle array does have a yet undetermined
in
uence on the mode volume. However, this assumption is critical for the experiments in this
report. By changing the thickness of the tetracene crystals on a silver nanorod array, we can tune
N , and thus 
. Assuming V as constant is the simplest way to verify a clear relationship between
N and 
.

1.7 Outline of this Bachelor’s thesis

In this section we describe the individual steps of this thesis in chronological order.

As a start, we examine the interaction of LSPRs and RAs in a silver nanorod array with an Ocean
Optics Spectrometer. To achieve a symmetrical environment for a good optical contact, the array
has to be covered by a material which matches the refractive index. This can be achieved by
spin-coating a substrate (PMMA) with refractive index n = 1 :49 on top of the array. From the
measurements, we attempt to �t this interaction using MATLAB, thus �nding the upper and lower
SLR bands.

After removing the PMMA, tetracene crystals are formed and dropcasted on top of the array.
Using an optical microscope, we investigate the newly formed crystals on the sample, and try to
�nd a crystal which lies on the edge of the array. Next, we determine the dispersion of this crystal
on top of the array, referenced with the same crystal outside of the array, with a Fourier Optical
Microscope. We also measure the photo luminescence of the crystal on the array, and compare
this the part that is out of array counterpart as well. Again, using MATLAB, we will try to �t
the Rabi splitting together with the SLRs.
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In conclusion, we get to the main topic of this research: examining various crystals on the array
with diverse thicknesses. We �rst determine the thickness of multiple crystals outside, and on top
of the array. We then pair these to each other, so each crystal on top of the array has an related
crystal outside of the array, with a similar thickness. Subsequently, we measure the dispersion of
the crystal on and o� the array, and use the crystal o� the array as a reference for the crystal on the
array. The absorption band of a tetracene crystal is often much stronger than the SLR extinction
(this absorption is dependent on the thickness of the crystal). This means that the measured
dispersion of the coupled tetracene-silver nanoparticle array will give an unclear representation of
the Rabi splitting, as the absorption of the tetracene crystal covers that area of the dispersion.
By using another crystal with a similar tetracene absorption, we isolate the Rabi splitting of
the combined excitonic-plasmonic system. O� course, this will not completely nullify the visible
tetracene absorption, but it gives us a dispersion measurement with a clear Rabi splitting.

While doing these measurements, we have to make sure that the crystals on and o� the array have
a roughly identical absorption peak, and that the crystals on top of the array can couple with a
TE or TM SLR mode. This is why the a absorption spectrum (that is, the absorption spectrum in
which the incident light is polarized linearly in the direction that results in the strongest possible
absorption in the crystal), should all be similar to each other. In this way, when the incident light
has a speci�c linear polarization (e.g. 0°), the extinction bands of the crystal on and o� the array
are roughly the same. Also, to allow coupling with the SLR, the incident light has to be TE or
TM polarized, relative to the nanoparticle array. This means that the polarization of the incident
light in the a absorption spectrum direction should be as close as possible to either the TE or
TM direction (a maximum di�erence of 20 °), depending on which mode we want to couple with
the excitons. So, by referencing a particular crystal on top of the array with another one out of
the array, with an equivalent thickness, we �nd the Rabi splitting in the same way as described
above. Then, we �nd a relationship between the Rabi energy~
 and thickness in these tetracene
crystals. This relation should be equal to the one given by equation 1.5, where the thickness of
the crystal is directly related to the square root of the amount of moleculesN .

Strong Light-Matter Coupling in Tetracene Crystals on an Array of Silver Nanorods 9





Chapter 2

Methods

2.1 Material choices

As the title states, this research is about behaviour of tetracene crystals on top of a silver nanorod
array. Here follows an explanation of the material choices. Tetracene is the choice of excitonic
material to couple in a cavity. Tetracene is seen as a premier material for singlet �ssion photo-
voltaics because it absorbs light with � < 550 nm (E > 2.25 eV), and in turn produces triplet
excitons with energy ET = 1.2 eV. this energy is close to to the ideal band-gap (� 1 eV) that
maximizes e�ciency in a single-junction solar cell under the Shockley-Queisser limit referenced in
section 1.2 [28, 19]. Additionally, tetracene is known to express singlet �ssion in its crystalline
form [29]. This opens the door to research individual crystals where the tetracene molecules have
the same orientation, which means that only one polarization of light will result in the strongest
absorption. Tetracene crystals have a triclinic crystal system [30]. When crystals are formed on
a substrate, the c-axis is oriented perpendicular to the surface. Figure 2.1 shows a schematic
illustration of the tetracene molecules in such a crystal structure, observed along thec-axis [4].
When measuring the absorption along thea-axis b-axis, di�erent spectra are obtained, termed the
a and b spectra respectively.

Figure 2.1: Schematic representation of the orientation of tetracene molecules in a crystal. The a-axis and
b-axis of the crystal is indicated. Measuring the absorption along these axes yields di�erent spectra, namely
the a and b absorption spectra. This �gure is taken from Hazuki Morisaki's "Large surface relaxation in
the organic semiconductor tetracene" [4].
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The plasmonic behavior of the coupled system is closely related to the choice of material of the
nanoparticle array. Silver is one of 5 metals (Ag, Au, Cu, Li, and Al) which allows visible or
infrared light to form a surface plasmon. It has the highest electrical and thermal conductivity of
all these metals, making it an optimal choice for advanced opto-electronics and thus solar cells.
To prevent oxidation of the silver nanorods, we deposit a dielectric layer of silicon dioxide and
silicon nitride on the surface of the nanorods. This layer transmits visible light, which means that
it does not interfer with the SLR modes from the nanorod array. Silver is able to produce surface
plasmons in the range from 300 - 1200 nm, which would make coupling feasible [2]. From an
economic standpoint, silver is also the second cheapest metal per kilogram that produce surface
plasmons, only trailing aluminum [2]. All these arguments make silver the premier choice for the
material of the nanoparticle array.

An Ag nanostructure can have shapes. In this thesis the preference is given to a rod shape. Rods
have a relatively long length in one direction, which means that they have a larger e�ective volume
than nanospheres. This allows nanorods to absorb a larger amount of energy. Because of their
small width in the other direction, it is easily achievable to couple a LSPR with the rods, giving
clear and sharp dispersion bands. The main absorption peak of an LSPR of a 200 nm by 50 nm
silver nanorod will be at � 460 nm, which is close to the absorption peak (� 530nm) in the a
absorption spectrum of individual tetracene crystals [31].

2.2 Spin-Coating

As was described shortly in the introduction, a dielectric polymer layer has to be formed on top
of the nanopartcle array to create a symmetrical environment for the light to couple to SLRs.
Polymethyl methacrylate (PMMA) is one such a polymer, and has a refractive index ofn = 1 :49
[32], which is close to that of tetracene crystals (n = 1 :55). The method used to cover the array
with this PMMA material is to use a spin-coater to ensure a 
at surface on the sample. One point
to take into account is the thickness of this PMMA layer. On the one hand, the layer has to be
thick enough to supersede the diameter of the nanorods. In this way, a symmetrical surface can
be formed. On the other hand, if the PMMA layer is too thick, waves can be guided inside this
PMMA layer, which disturb the measurements. Waveguides form at a thickness oft & �

n , which
mean that for n = 1 :49 and � = 530 nm, the thickness should not exceed 350 nm.

By testing on 
at glass substrates, it was possible to determine the right parameters for the spin-
coating of the PMMA layer with a precise thickness. The correct thickness was set at around 200
nm because this is already enough for a symmetrical environment, and 200 nm< 350 nm. With
the Meyerhover equation for spin-coating, we can approximate (neglecting the evaporation rate
of the liquid) that the �lm thickness is proportional to the angular velocity of the spin coating
machine in the following way [33],

hf /
1

p
!

; (2.1)

with hf the thickness of the spin-coated material and! the angular velocity of the spinning disk.
By using equation 2.1 and doing some tests, a spin-coated top layer of 200 nm was created on the
array. The values of the meaningful parameters for the spin-coater,

ˆ Spin-coater angular velocity: ! = 30
2� rad/s (1800 RPM),

ˆ Duration of the spin-coating: t = 60 s,

ˆ Volume of PMMA: V = 20 µL.
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2.3 Ocean Optics Spectrometer Setup

The working principles of the Ocean Optics Spectrometer Setup (OOSS) are described in this
section. With the OOSS, we measure the transmission of light while rotating the sample at an
angle. In �gure 2.2 a schematic image of the OOSS is shown.

A halogen lamp was used to create a collimated light beam is shined on the sample through
a polarizer. The polarization of the light can be manually set using the polarizer P. Here, the
polarization is always in the direction of the short axis of the particles in the array. If we want to
couple exclusively the fundamental mode, and no higher order standing waves, using the smallest
dimension of the nanorod for coupling will have the best results. Next to this, The orientation
of the nanorods can also be changed manually. The array is placed in a stage, which can move
and rotate independently in all 3 directions, Rotating around the vertical axis (y-axis) changes
the angle � , between the surface normal vector of the array and the wave vector of the light~kin .
The wave vector of the light parallel to the surface plane of the array,~kk (de�ned along the axis
orthogonal to the polarization of the light), will change according to ~kk = ~kin sin � . Thus, if light of
polarization of 0° is chosen, the dispersion should follow equation 1.4a (TM mode), whereas light
of polarization of 90° results in the dispersion spectra following equation 1.4b (TE mode).

The rotation stage can rotate the sample 90° in both directions, but a maximum rotation of 50 ° is
chosen for the measurements. This choice is mainly to ensure that the light beam will illuminate
only the array, and not empty glass. Another reason for this angle restriction is to prevent reaching
the Brewster's angle of PMMA, determined at 56°[32]. The maximum rotation angles can all be set
manually in the software, as well as the step size. The integration time per measurement and step
size of the rotation stage are also input parameters in the measurements. Here, all measurements
have an integration time of 0:1 s and the rotation step size at 0:2°. From the di�raction theory
discussed in section 1.4, we know that the dispersion of light will be symmetrical atkk . For this
reason, it is not necessary to rotate the stage from the minimum angle to the maximum angle. To
still get a good overview of the dispersion close tokk = 0°, the stage was rotated from� 20° to 50°
in the measurements of the array.

Figure 2.2: The Ocean Optics Spectrometer Setup. The letters P, D, A and S
represent a polarizer, a diaphragm, the array sample, and a spectrometer respectively.
The straight black arrow depicts the incoming light beam kk from a white light source,
and the rotating arrow together with the dashed line depict the stage that can rotate
the sample. The angle � is the rotation of the sample relative to kk .
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The transmitted light was collected by a spectrometer from Ocean Optics, which measures the
transmittance T0 that is associated with the outgoing light beam parallel to the incident light
beam. That light beam is also called the zeroth-order transmittance in di�raction grating theory.
To get a correct spectrum, all measurements are referenced with a transmittance measurement
of the same polarized light through an empty glass substrate. The extinction can then easily
calculated as 1� T0. The spectrometer and rotation stage are connected to a computer, that runs
the software (LabView) which operates these components. The user can set the parameters of
the measurements, and a live view of the measured transmittance per wavelength is shown during
the measurements. The software saves the spectrum of the transmitted light per angular step.
To reduce noise, an average of 10 measurements was taken at every step. After the measure-
ment, the software saves the data in the form of a .txt and .dat �le. With the MATLAB script
Harmonic Oscillator.m, theses spectra can be combined horizontally in form of a dispersion meas-
urement, where the photon energyEp is plotted against the parallel wave wave vectorkk . The
�ts were made using the same script. The code used in that script can be found in the appendix
at the end of this thesis.

2.4 Growth of Tetracene Crystals

Tetracene crystals were �rst formed on an empty glass substrate in an environment �lled with
air. However, by using this method, the amount of crystals on the sample was less than adequate.
Also, most of the crystals were thicker than 250 nm, which is not desired as described in section
2.2. To achieve better results, the formation of tetracene crystals on top of the array was done in
a second attempt in a glove-box �lled with N2 gas.

The growth of tetracene crystals was done as follows: tetracene in its normal orange powdered form
was dissolved in a solution of toluene. At room temperature, not all molecules will fully dissolve
in this solution, which means that an over-saturated solution was created. For a lot of solids
that can dissolve in a liquid, increasing the temperature of the solution increases the solubility.
This is also the case for tetracene. Thus, increasing the temperature (over)saturates the solution,
and decreasing the temperate precipitates the solution. When the solution is precipitated, the
tetracene molecules in the toluene solution come together to form crystals.

In this way, the toluene solution was �rst heated to a temperature T1. Then, using a syringe, we
sucked in some of the solution and ejected this through a �lter into an unused glass beaker at
room temperature T0. This �ltering ensures that no tetracene residue is still in the solution in
the unused glass beaker. The solution in this glass beaker then underwent a rapid temperature
decrease �T = T1 � T0. After waiting a certain amount of time, � t, the precipitated solution was
then drop-casted on top of the array with a pipette.

The the temperature decrease �T during the drop-casting has an in
uence on the amount of
crystals formed,and their size. The waiting time � t is also an important parameter in de�ning
the properties of the tetracene crystals. Because of this, an experiment was done to determine
the correct values for � T and � t. Tetracene crystals were thus formed on empty glass substrates.
The maximum temperature of the saturated solution was varied per sample,

ˆ Glass sample 1 with � T = 30 K.

ˆ Glass sample 2 with � T = 40 K.

ˆ Glass sample 3 with � T = 50 K.

ˆ Glass sample 4 with � T = 60 K.

On every sample, 3 di�erent spots were allocated for tetracene crystals with 3 di�erent values of
� t. The chosen values for � t were 30 s, 60 s and 90 s. All of these samples were then examined
with an optical microscope with a 10x objective. Sample 1 had the most crystals of all the
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samples, and the spot with � t = 30 s on that sample had the thinnest crystals. The crystals
were generally bigger and thicker when �T was larger. Thicknesses of crystals in the 50 - 300
nm deemed to be appropriate for coupling to SLR modes. Samples 1 and 2 had the most crystals
in that range. The values associated with sample 1 were chosen for the formation of tetracene
crystals on the array. A full analysis on the e�ect of temperature of time and crystals was not
undertaken. Matthijs Berghuis, my mentor in this research, had a lot of prior experience with
forming tetracene crystals. Doing a full analysis was thus not deemed necessary, due to Matthijs'
Berghuis's prior knowledge.

2.5 Fourier Plane Optical Microscopy

In this research, the dispersion (energy-momentum) relations of the tetracene crystals were meas-
ured using a Fourier plane optical microscope, otherwise called a back focal microscope. What
makes a Fourier microscope di�erent than a normal microscope is that it images the reciprocal
space, i.e., each point of the image corresponds to an in-plane wave vector or momentum.

In a conventional optical microscope, a real space image is magni�ed. This magni�cation is
done using an objective, where light is re
ected by (or transmitted through) the sample into this
objective. The light is then transmitted onto a imaging sensor by optics. In a Fourier microscope,
light that scatters (by re
ection or transmission) from the sample at a speci�c angle is mapped to a
speci�c point in the back focal plane (BFP) as seen in �gure 2.3[34]. The BFP is at the focal length
f of the objective. Where every light beam converges depends on the focal length of the lens: if a
light beam leaves the sample at angle (� x ; � y ), it will converge at the point ( x; y) = ( f � x ; f � y ) in
the BFP.

In an ordinary optical microscope, the BFP is hidden inside the housing of the objective. By
using additional lenses and mirrors, it is possible to project the BFP onto an imaging camera or
spectrometer. A possible optical setup of a Fourier Microscope is shown in �gure 2.4. This is the
same optical system that was used to do the dispersion measurements of the tetracene crystals on
the array.

For extinction measurements of individual tetracene crystals, a white light setup is used, while
photo luminescence (PL) measurements are done with a blue laser source with� = 450 nm. By

Figure 2.3: A schematic illustration of the working principle of back focal plane imaging. The light
waves that emerge from the sample at angle (� x ; � y ) converge at the back focal plane in the points
(x; y ) = ( f � x ; f � y ), where f is the focal length of the objective. This �gure is extracted from Saleh
Bahaa's "Fundamentals of Photonics, 3rd edition" [5].
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using 
ippable mirrors and a 
ippable beamsplitter, we can change the setup to do transmission
or re
ection measurements. In transmission mode, the white light or blue laser is focused onto the
sample using objective O1 (NA = 0.6 , magni�cation 40x), and then routed through objective O2
(NA = 0.7 , magni�cation 60x). In re
ection mode, objective O2 is used to focus and collect the
scattered light. Using the lens L1, the light is converted to a conjugate image plane, and routed
through diaphragm D3, onto lens L2. Lens L1 is placed at a distancef 1 from diaphragm D3,
which is its focal length. Diaphragm D3 is closed almost completely, to select a speci�c position
of the real image to analyze. At lens L2, this conjugate image plane gets converted to a BFP,
following the principle laid out in �gure 2.3. Lens L2 is placed at a distance f 2, again its focal
length, from diaphragm D3. Lastly, the BFP enters the spectrometer.

Diaphragms D1, D2 and D4 are used to do the optical alignment of the laser and the white light.
The �lter, depicted by the letter F, �lters out the light with � < 510 nm, which prevents the laser
light from damaging the spectrometer. While using the white light source, this �lter is not used. A
polarizer between lenses L1 and L2 polarizes the light linearly in one direction, which is useful for
measuring individual crystals: by changing the polarization of the light and measuring the trans-
mission per crystal at every polarization, the direction of the tetracene molecules in the crystals
can be determined. The maximum absorption is found when measuring thea spectrum.

Objectives 1 and 2, and the sample holder, are connected to movable stages. These can move in all
3 directions, independently of each other. For alignment purposes, both objectives can also rotate
in two directions. By changing the distance from objective 1 to the sample, 
ipping lens FL1 and
increasing the size of D3, we can change the optical setup in such a way that it will now function
as a normal optical microscope. In this case, the spectrometer is replaced with an imaging sensor.
In the setup, the spectrometer and an imaging camera are the same piece of equipment. In this
instrument, a computer controlled-
ippable mirror directs the light into one of these modules. If
the spectrometer is used, a slit in front of the entrance should be manually narrowed until its
width is 10 µm. The range of the spectrometer, expressed in the parallel wave vector~kk , is from
circa -10 to 10 rad=µm. The software that controls this instrument is called LightView. There,
di�erent parameters can be changed, such as the integration time of the spectrometer/imaging
camera, the analog gain (this increases the measured signal and the noise) and the wavelength
range of the spectrometer. A background noise image can also be measured, which can then be
subtracted from the measurements. As explained in section 1.7, the e�ect of the array on the
absorption spectra of tetracene crystals is one of the measurements in this report. This can be
done by taking a reference orFlat-Field dispersion spectrum of a tetracene crystal, and subtracting
this from the the dispersion spectrum of a tetracene crystals on top of the array. This is a key
functionality of the software, and allows dispersion measurements where the Rabi splitting can
clearly be observed. The software exports the �les in form of a .csv �le. With the MATLAB
script Fourier microscopeanalysis.m, we can create a dispersion plot from the raw data in the
.csv �les.
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Figure 2.4: Schematic representation of the Fourier Microscope used in this research. Objective
1 has a numerical aperture NA = 0.6 and objective 2 has NA = 0.7. Extinction measurements
are done with the white light source, while photo luminescence is measured by exciting the
sample with a blue laser. The microscope can work both in transmission mode and re
ection
mode. Legend: M = mirror, FM = 
ippable mirror, WL = white light source, BLA = blue
laser source, D = diaphragm, O = objective lens, A = array + tetracene sample, MS = movable
stage, BS = 
ippable beamsplitter, L = lens, FL = 
ippable lens, P = polarizer, F = light �lter,
MSL = movable slit, SP = spectrometer, C = camera.
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2.6 DektakXT Thickness Measurements

As discussed in section 1.7, while measuring crystals on top of the array, crystals outside the array
are used as a reference. In this way, we can remove the dominant tetracene absorption band from
the dispersion and get a clear measurement of the Rabi splitting. However, the reference crystal
has to have roughly the same thickness as the crystal on the array. If the reference crystal is much
thicker than the crystal on the array, more than just the absorption band will be removed. If it is
much thinner, remnants of the absorption band will still be present.

To determine the thickness of certain crystals, we use the �rst order Lambert-Beer law for the
relationship between absorption intensity and thickness,

I (z) = I 0e� �z ; (2.2)

where I denotes the intensity of the light, z the propagation direction, I 0 the initial intensity
and � the absorption coe�cient. The intensity of light will decrease exponentially through the
material.

This means that the transmissionT of light through a material of thickness t will have the following
functional dependence,

T(d) = �e � �t ; (2.3)

with � and � as constants. These constants can be determined by measuring the thickness and
transmission of multiple crystals, plotting these against each other, and doing an exponential
�t. The thickness of these crystals were measured using a stylus pro�lometer. This pro�lometer,
named DektakXT, has a diamond stylus which moves vertically until it is in contact with the
sample. Then, it moves laterally across the surface of the sample for a certain distance and with
a certain contact force. The DektakXT measures the roughness variations in the surface while
it is moving onto the surface. By choosing a path the partially covers a tetracene crystal and
partly only the glass sample-holder, the pro�lometer can measure the thickness of the tetracene
crystal on the sample-holder. The DektakXT has a vertical resolution of 4�A, which is much less

(a) Extinction spectrum of crystal TTC1, refer-
enced through glass

(b) Extinction spectrum of crystal TTC2, refer-
enced through glass

Figure 2.5: The spectra of 2 tetracene crystals, measured with the Fourier Microscope. For both crystals,
the light is polarized in the direction where the extinction is the strongest.
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Figure 2.6: A plot of the thickness versus the transmission of tetracene crystals TTC1 and TTC. A
decaying exponential �t using the MATLAB curve �tting toolbox is also added.

than the thickness of a crystal. In this way, the thickness of 2 di�erent tetracene crystals, TTC1
and TTC2, was measured 3 times. The mean of these 3 measurements was taken as the correct
thickness, with the maximum deviation from that mean as the standard deviation. The results of
these measurements weredTTC1 = (60 � 10) nm and dTTC2 = (200 � 50) nm.

Afterwards, the spectra of these crystals were measured with the Fourier microscope described in
section 2.5. These spectra are shown in �gure 2.5. The maximum transmission of these crystals
can then be calculated using the extinction peaks denoted by the black lines. The error in the
transmission peaks was determined from the noise in the measurements of both crystals. For
TTC1 and TTC2, the determined uncertainties are � = 0.028 and � = 0.045, respectively. Figure
2.6 shows the measured data points with their uncertainties. A decaying exponential �t was
added, with parameters � = 0.4946 and � = 0.009274. The resulting relationship between the
transmission and thickness is thus given by,

T(d) = 0 :4946� e� 0:009274� t : (2.4)

Equation 2.4 allows us to estimate the thickness of tetracene crystals without using the pro�lo-
meter, when the transmission is known.

Strong Light-Matter Coupling in Tetracene Crystals on an Array of Silver Nanorods 19





Chapter 3

Results

3.1 Measurements of a Single Tetracene Crystal

Prior to measuring the array, extinction and PL measurements were taken of a very thin tetracene
crystal on a glass substrate with the Fourier microscope. These measurements serve as reference
for other measurements under strong coupling. These spectra are displayed in �gure 3.1. By
using the relationship for maximum transmission and thickness given above in section 2.6, we �nd
the thickness t = 38 nm. One observation is that the peaks in the b extinction spectrum (the
spectrum that is observed when the incident light has a linear polarization perpendicular to the
a spectrum) have a shorter wavelength than the peaks in thea extinction spectrum. In this thin
crystal, referred to as PT1 (preliminary tetracene 1), the a extinction is found at � = 522 nm, and
the b extinction at � = 504 nm.

Thus, the primary singlet exciton of a tetracene crystal has an energy ofEX = 2.38 eV. The photo
luminescence peak of this crystal is at� = 532 nm and � = 558 nm for light along the a-axis. In the

(a) Extinction spectra of crystal PT1. Parameters:
integration time = 300 ms, analog gain = 15x

(b) Photo luminescence spectra of crystal PT1, ex-
cited with a 450 nm laser. Parameters: integration
time = 1 s, analog gain = 30x

Figure 3.1: The extinction and PL spectra of a thin tetracene crystal, measured with the Fourier Micro-
scope. The blue curve depicts the spectrum when the light is polarized along the a-axis of the crystal,
whereas the red curve depicts this for light along the b-axis
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b spectrum, no clear peak is visible (the highest photo luminescence is measured at� = 558 nm.
The a spectrum PL peak is 6x higher than theb spectrum peak. This means that we want couple
to tetracene crystals with light polarized along the a-axis, because this is the most interesting for
applications in solar cells or OLEDs.

3.2 Measurements of the Bare Array ‘A380’ with OOSS

The silver nanorod array with lattice parameter a = 380 nm that we use in our experiments is
named A380,. The nanorods in the array have a lengthl = 200 nm and a width w = 50 nm.
Using the Optics Ocean Spectrometer Setup, we measured the dispersion of the array A380: the
extinction spectra of the array, as a function of the parallel wave vectors~kk = -10 to 10 rad=µm.
A schematic of this array, including its parameters and the polarization of the incident light can
be seen in �gure 3.2. To successfully measure both the TE and TM dispersions, the array was
rotated from � � = � 20° to � + = 50°. For measuring the TE dispersion, the array was rotated 90°,
while also rotating the polarization of the light. In this way, both the TE and TM polarized light
couple with the short axis of the nanoparticles.

The dispersion for incident white light with TE-polarization and TM-polarization can be seen in
�gures 3.3a and 3.3c, respectively. The energy of the light is plotted against the wave vector~kk of
the incident light parallel to the surface of the array. The color scale represents the extinction at
every point. The LSPR of A380 can clearly be seen in �gure 3.3a, and has an energy of 2.66 eV.
The coupling of the LSPR and linear RA modes into the combined SLR is seen best around~kk =
5 rad=µm. Here, the lower SLR band is visible at 2.5 eV. The parabolic RA mode in �gure 3.3c,
shows no clear coupling with the LSPR. This is because the energy of the RA mode is too low,
around 2.3 eV at ~kk = 6 rad =µm, which is lower than 2.66 eV. The 2nd order RA modes are also
visible in both the TE and TM dispersions, at E > 2.6 eV (with ~kk = 0 rad =µm). We can observe
that these higher order modes are too weak to couple with the LSPR mode, which is evidenced
by the fact that no anti-crossing with the LSPR mode can be seen.

Figure 3.2: Schematic representation of array A380, with the length l and width w of the nanorods, and
the lattice constant a. The polarization of the incident light is represented by the green double arrow. By
rotating the array, it is possible to observe the TE and TM dispersion of the array, while still coupling
with the short axis of A380 in both dispersions.
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In �gures 3.3a and 3.3c, a �t of the RA and LSPR modes was added, represented by the black lines
and the black dashed lines respectively. Here, we used a script namedHarmonic Oscillator.m,
which can be found in the appendix at the end of this thesis. For the SLR mode, we use the
Hamiltonian from equation 1.3 to �nd the energy at every point. The RA energies are given by
equation 1.4, and the LSPR energy is set at a constant energy of 2.66 eV. We use
 LSP R = 0.30
eV and 
 RA = 0.20 eV for the related damping factors. The coupling strength 
 is depends on
the wave vector ~kk , where its value changes linearly from~kk = 0 rad =µmto ~kk = 5 rad =µm from

 min to 
 max .

In �gures 3.3b and 3.3d, the �tted TE-SLR and TM-SLR are shown, depicted by the red dashed
curves. The model is extended in �gure 3.3d, to show the interaction between the LSPR and RA
modes, which can only be clearly observed at~kk > 10 rad=µm. Again, there is no anti-crossing
between the LSPR and the 2nd order RA anomaly visible in the dispersions, but it is modelled as
an upper SLR band in �gures 3.3a and 3.3c.

To couple excitons with the SLRs, the SLR extinction band has to have roughly the same energy
as the exciton, at a feasible value for~kk (< 10 rad=µm). In section 3.1, we gave the spectrum of a
thin single tetracene crystal, and found that the crystal has a maximum extinction at a wavelength
of around � ' 522 nm. With E = hc

� , we determine the corresponding energy of this peak atE
= 2.38 eV. In the TE-SLR �t visible in �gure 3.3b, 2.38 eV is reached at ~kk ' 3:4 rad=µm. In
the TM-SLR �t in �gure 3.3d, this energy has only been reached at ~kk ' 10 rad=µm. The Fourier
microscope has a maximum wave vector range of~kk

�= 10 rad=µm at E = 2.8 eV. This wave vector
range is wavelength dependent, so forE < 2.8 eV this range is even smaller. Due to this limited
range, we can conclude that we will not clearly observe the coupled excitonic-plasmonic mode
when the incident light has TM-polarization. Therefore, we choose to couple the excitonic mode
of a tetracene crystal with the TE-dispersion shown in �gure 3.3a.
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(a) The dispersion of A380 with TE-polarized white
light, including the �tted LSPR (black dashed
line), linear RA (black line) and SLR (red dashed
curve) modes. Parameters: integration time (per
step) = 100 ms, step size = 0:2°, 
 min = 0.005 eV
and 
 max = 0.44 eV, 
 LSP R = 0.30 eV and 
 RA =
0.20 eV

(b) The �ts to the LSPR, RA and TE-SLR, zoomed
in the green rectangle of �gure 3.3a.

(c) The dispersion of A380 with TM-polarized
white light, including the �tted LSPR (black
dashed line), linear RA (black curve) and SLR
(red dashed curve) modes. Parameters: integra-
tion time (per step) = 100 ms, step size = 0 :2°,

 min = 0.26 eV and 
 max = 0.20 eV, 
 LSP R =
0.30 eV and 
 RA = 0.20 eV

(d) The �ts to the LSPR, RA and TE-SLR, zoomed
in the green rectangle of �gure 3.3c. The TM-SLR
mode at ~kk > 10 rad=µm is an extension of the �t.

Figure 3.3: TE and TM dispersions of the array, with the �ts to the LSPRs, RAs and SLRs.
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3.3 Measurements of a Single Tetracene Crystal located at
the edge of A380 with the Fourier Microscope

After the growth of tetracene crystals on A380, a crystal was located at the edge of the array. This
crystal, which we refer to as C1, can be seen in �gure 3.4. C1 has dimensions� 150µm � 100µm.
Figure 3.4a displays C1 on A380, with white light illumination. The yellowish background is the
array and the blueish background is the glass substrate. C1 is highlighted by a red rectangle. The
magni�cation is 10x. In the top left side a scale bar is added, complemented with a schematic
image of the orientation of the nanorods in the array. A higher magni�cation image (100x) is
shown on the right side.

Figure 3.4b shows the photo luminescence in the same spot on the array. The sample is illuminated
by blue light with � = 450 nm. This light is linearly polarized at an � 10° angle with respect to
the horizontal axis. With this particular polarization, the maximal photo luminescence intensity
of crystal C1 is reached. The slit of the spectrometer is orientated vertically, which means that
having horizontally polarized light results in measuring the TE modes seen in �gure 3.3a. As was
discussed earlier, we can assume that it is feasible that these TE-SLR modes can couple with
excitons in tetracene, which have an energy ofEX = 2.38 eV.

We have measured the dispersion of C1 with the Fourier microscope. To do these measurements,
we use a reference of the part of crystal which does not cover the array, while measuring the
dispersion of the same crystal on top of the array. Both the reference, and the measurement of
the crystal on top of the array are �rst referenced with an additional measurement done on the
glass substrate.

By using bare tetracene as a reference, we remove from the measurements the bare tetracene
band that covers the polariton mode. The polarizer was set at� 10° angle, to ensure that C1 has
maximum extinction. By rotating the sample by 90°, we can rotate the position of the spectrometer
slit on the sample, while keeping the light polarization constant. In this way we can still measure
the TM dispersion of the crystal. According to ~kk = ~kin sin � , a � 10° polarization to the horizontal
decreases the parallel wave vector by more than 5 times. Therefore, the TM-SLR intensity will be
a substantially less strong than the TE dispersion.

The measured TE dispersions of C1 on array A380 can be seen in �gure 3.5, together with the raw
dispersions without C1 reference. The Rabi splitting is not clearly visible in the raw dispersion,
because the extinction of the tetracene crystal is dominant. The referenced TE dispersion does
clearly show Rabi splitting at wave vectors ~kk > 5 rad=µm. In �gure 3.5c, the same image was
taken, but with the Fourier microscope in re
ection mode. In re
ection mode, a background
reference was also added, to reduce an increase in intensity noise due to illumination from outside
of the setup. The re
ection dispersion shows a clear Rabi splitting as well.

The TM dispersions without and with bare tetracene reference, shown in �gures 3.6, do not show
a Rabi splitting. A double parabolic SLR band is visible. This could be a higher order parabolic
SLR, shifted in energy due to the varying refractive index in the crystal. Another explanation
could be that the polarization of the illumination is 80° o� from the optimal polarization for
measuring the TM dispersion. In this case, the two bands are the same, but the lenses project
them onto di�erent positions in the spectrometer.

We can �nd the Rabi energy by taking a cross section from the TE dispersion, and integrating
over a certain ~kk . To minimize noise, but still maintain rather sharp peaks, an integrating range
from 6.5 to 8 rad=µm was chosen. An illustrative representation of this range is added in �gure
3.5d. We integrate the spectra at constant~kk in the yellow area. Then, we average over every
value for ~kk .

For this analysis, we use the scriptCross section constant kp.m, which is a slight variant of the
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(a) Microscope Image of C1 on A380, illuminated with white light. Parameters:
integration time = 200 ms (left image) & 100 ms (right image), NA = 0.3 (left image)
& 0.9 (right image).

(b) Photo luminescence image of C1 on A380, illuminated by blue light with � =
450 nm. The light is linearly polarized at an � 10° angle with respect to the horizontal
axis. Parameters: integration time = 200 ms (left image) & 130 ms (right image),
NA = 0.3 (left image) & 0.9 (right image).

Figure 3.4: Two images of crystal C1 on array A380, made with an optical microscope (NIKON A1 H25).
The left images have a magni�cation of 10x, and the right images a magni�cation of 100x.
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(a) TE dispersion of crystal C1 on top of A380,
without a bare tetracene reference. Parameters:
analog gain = 15x, measured in transmission mode.

(b) TE dispersion from �gure 3.5a, referenced with
the bare C1 crystal. Parameters: analog gain =
15x, measured in transmission mode.

(c) TE dispersion of crystal C1 on top of A380,
now with a bare tetracene reference.Parameters:
analog gain = 25x, measured in re
ection mode.

(d) Illustration of the integration over the cross sec-
tion of the wave vector ~kk from 6.5 to 8 rad=µm.

Figure 3.5: Transmission and re
ection TE dispersions of crystal C1 on array A380, with and without
bare tetracene reference. The black dashed line shows the extinction band of the tetracene at 2.38 eV.
Parameters: integration time = 5 s, mean spectrometer wavelength = 520 nm. Additionally, an illustration
of the integration over ~kk is shown.

Fourier microscopeanalysis.m script used earlier.

The result of the integration over ~kk can be seen in �gure 3.7, depicted by the blue curve. The
red curve is the extinction band of the bare tetracene crystal C1 where, by using equation 2.4,
we estimate the thicknesst = 92 nm. The new extinction band has a negative extinction at
some energies. This could be due to a larger thickness of the crystal outside the nanoparticle
array.

The purple dashed line is the extinction spectrum from the bare array at ~kk = 7 :25 rad=µm.
Theoretically, the peak of this A380 spectrum should be atE = 2.38 eV as well, as the Rabi
splitting takes place at that value for ~kk , as can be seen in �gure 3.5b. The brown line is the
extinction spectrum from the bare array at ~kk = 3 :4 rad=µm, and the peak from that spectrum is
indeed at E = 2.38 eV. This means that a the C1+A380 dispersion is shifted up in Photon Energy
E, compared to the uncoupled bare array dispersion.

Fortunately, the splitting and subsequent shift of the main extinction band are very clearly distin-
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(a) TM dispersion of crystal C1 on top of A380,
without a bare tetracene reference. Parameters:
analog gain = 25x, measured in transmission mode.

(b) TM dispersion from �gure 3.6a, referenced with
the bare C1 crystal. Parameters: analog gain =
15x, measured in transmission mode.

Figure 3.6: TM dispersions of crystal C1 on array A380, with and without bare tetracene reference. The
black dashed line shows the extinction band of the tetracene at 2.38 eV. No Rabi splitting can be observed.
Parameters: integration time = 5 s, mean spectrometer wavelength = 520 nm.

guishable. As was discussed in section 1.6 the di�erence between the splitted energy levels in the
strongly coupled system is termed the Rabi energy~
. The horizontal di�erence in energy between
the peaks in �gure 3.7 is exactly this Rabi energy. With the MATLAB script peak distance.m, we
can then �nd the di�erence in x-coordinate between the maxima of these peaks. Along these lines
we have determined the Rabi energy:~
 = 0.157 eV.

Figure 3.7: Spectrum of C1 on the array (blue line), the spectrum of bare C1 (red curve), and the spectrum
of bare A380 at ~kk = 7 :25 rad=µm and ~kk = 3 :4 rad=µm (brown curve and dashed purple curve respectively).
The spectrum of C1 on the array was obtained by integrating ~kk from 6:5 rad=µm to 8 rad=µm. The Rabi
splitting is clearly visible, with Rabi energy ~
 = 0.157 eV.
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3.4 Rabi splitting Measurements with Crystals with Di�er-
ent Thicknesses

We have now established a method for measuring the Rabi splitting, which we can use for meas-
urements of di�erent crystals. In this case these crystals are not on the edge of the array, so we
have to use crystals that are deposited next to the array as a reference. To accomplish this, we
rotate the polarizer in the direction that gives maximum extinction for every crystal. In this way,
extinction bands from crystals outside the array are equivalent to those on the array.

Accordingly, 6 crystals outside of the array were measured with the Fourier microscope, named
CRO1-CRO6, which stands for Crystal Reference Outside 1 to 6. These measurements were
referenced with the empty glass substrate. The extinction spectra of these crystals are presented
in �gure 3.8. The black lines represent the minimum transmission values, which are used to
determine the thickness for every crystal. In table 3.1, the properties of these crystals are shown,
with the calculated thickness per crystal. Note that crystal CRO6 has a thickness of 6 nm, which
seems unrealistic. We can conclude that the method used for determining the crystals is not valid
for high transmission values. The other values of the thickness range from 78 to 211 nm, which
are realistic thicknesses, so we assume that the method works in this range.

Now, we can measure the TE dispersions of crystals that completely cover the array. Here,
the mean wavelength of the spectrometer is set at 530 nm, as there are no interesting features
at energiesE > 2:7eV. The properties of the 10 di�erent measured crystals on the array (C1
included) can be found in table 3.2. Pdi� , the polarization angle with respect to the horizontal
axis, gives us an indication of how well the crystal can couple with the TE-SLR mode of the array.
The crystal used as a reference can also be found in the table. A second crystal on the edge of
the array was found, namely C10. This means that we can again use bare C10 as a reference for
C10 on the array. The di�erent dispersion plots for the crystals on top of the array (C1 excluded),
are displayed in �gure 3.9, ordered up to bottom from thinnest to thickest crystal. This �gure
spans over 2 pages. In some �gures, extinction "smudges" can be observed at high wave vectors.
This is due to alignment inaccuracies, where light that radiates from the sample at high angles is
not properly routed through the lenses onto the spectrometer. Fortunately, these smudges do not
cover the dispersions in the �gures, and are only visible for negative wave vectors.

No Rabi splitting can be observed in the dispersions from crystals C3, C5 and C6. All these
crystals are rather thick (t > 160 nm), which is the hampering factor in coupling with the SLR
mode. The wide tetracene extinction band will prevent photons with energiesE > 2.38 eV to
properly be guided in the array. Crystals C5 and C6 are referenced with crystal CRO5, which
is thicker than C5 and C6. For this reason the tetracene extinction band gets overcompensated,
resulting in negative extinction values at E > 2.38 eV. Referencing with CRO3 was also an option
for these crystals, but that did insu�ciently remove the tetracene band in the dispersions to see
any Rabi splitting. With CRO3 as reference, the SLR mode atE < 2.38 eV was relatively weak
and indistinguishable. This can be seen in the dispersion from crystal C3, where using CRO2 as

Table 3.1: The di�erent properties of the crystals outside of the array. Legend: T = transmission, t =
thickness. * = unrealistic value

Crystal Max T t (nm)

CRO1 0.19 103
CRO2 0.14 136
CRO3 0.22 87
CRO4 0.24 78
CRO5 0.07 211
CRO6 0.47 6*
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Figure 3.8: Extinction spectra of di�erent tetracene crystals out of the array, with each colour representing
a di�erent crystal.

a reference does not completely mitigate the dominant tetracene band. As crystals C3 and C5
have the same estimated thickness, no reference crystal can show a possible Rabi splitting in a
satisfactory way. In these 3 dispersion, double or even triple SLR bands are visible atE < 2.38
eV. One explanation could be that these the second and third SLR bands are guided modes, that
can propagate due to the large thickness of the tetracene crystals.

We recognize a slight Rabi splitting in crystals C4 and C10. These crystals are not too thick,
but have a polarization angle Pdi� � 30°. Consequently, the light can inadequately couple to the
short axis of the array. This also explains the relatively weak SLR bands visible in these �gures.
In section 1.7, we chose a maximumPdi� of 20°. Pdi� = 30° clearly exceeds this requirement for
properly coupling with the SLR. This makes these crystals unsuitable for correctly comparing the
Rabi energy.

Table 3.2: The di�erent properties of the crystals on top of the array. Legend: T = transmission, t =
thickness, Pdi� = polarization angle with respect to the horizontal axis, Ref = the used reference crystal
outside the array.

Crystal Max T t (nm) Pdi� Ref

C1 0.21 92 10° C1
C2 0.17 115 16° CRO3
C3 0.11 162 16° CRO2
C4 0.16 122 30° CRO1
C5 0.08 196 21° CRO5
C6 0.11 162 13° CRO5
C7 0.18 109 5° CRO1
C8 0.13 144 13° CRO1
C9 0.22 87 15° CRO3
C10 0.16 122 33° C10
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(a) (b)

(c) (d)

(e) (f)

Figure 3.9: Measured TE dispersion for crystal (a) C9, (b) C7, (c) C2, (d) C4, (e) C10, (f) C8, (g) C3,
(h) C6 and (i) C5 (sorted with increasing thickness). Parameters: integration time = 300 ms, analog gain
= 27x, mean spectrometer wavelength = 530 nm.

Crystals C2, C7, C8 and C9 clearly show Rabi splitting. Pdi� � 30° and t � 144 nm, so the
requirements for properly coupling with the SLR band are met. We take the cross section as
illustrated in �gure 3.5d, and integrate over the wave vector ~kk from 6.5 to 8 rad=µm. With this
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(g) (h)

(i)

Figure 3.9: Measured TE dispersion for crystal (a) C9, (b) C7, (c) C2, (d) C4, (e) C10, (f) C8, (g) C3,
(h) C6 and (i) C5 (sorted with increasing thickness). Parameters: integration time = 300 ms, analog gain
= 27x, mean spectrometer wavelength = 530 nm (continued).

method, the spectra with the Rabi splitting for these crystals are obtained, displayed in �gure
3.10. The spectrum of crystal C1 has been added to present a clear overview of all the gathered
results. A vertical o�set of 0.2, 0.4, 0.6 and 0.8 has been added to the measurements of crystals
C9, C7, C2 and C8 respectively. In this manner, the spectra of all crystals can be clearly observed.
The crystals that have a higher extinction have a higher Rabi energy~
. We determine the Rabi
energy for every crystal usingpeak distance.m, illustrated by the black line in �gure 3.10. In �gure
3.11,~
 is plotted versus the corresponding crystal thickness t from table 3.2, for every individual
crystal. For the uncertainty in thickness 2� t , we use' 14 % of the associated value for thickness,
similar to the uncertainty in thickness of crystals TT1 and TT2. The vertical error, 2 � Rabi which
represents the uncertainty in the measured Rabi energy~
, is calculated by using the noise in
both peaks for every crystal.

We can now �t equation 1.5 to the measurements, which states that the Rabi frequencies 
 are
proportional to

p
N , the square root of the amount of molecules of the excitonic material in the

coupled system. Here we assume that the mode volumeV in the cavity stays constant regardless
of the thickness of the crystal on top of the array. Thus, only the amount of moleculesN in
the mode increases when the thicknesst increases increases, which means that the Rabi energy
is also proportional to the square root of the thickness,

p
t. Applying this, we �t ~
 = a

p
b� t

as shown in �gure 3.12, with the curve �tting toolbox from MATLAB and the peak distance.m
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Figure 3.10: Extinction spectra of the di�erent crystals, integrated from ~kk from 6.5 to 8 rad=µm. For
clarity, the y-values of the plots have been o�set 0.2, 0.4, 0.6 and 0.8 for crystals C9, C7, C2 and C8
respectively. From bottom to top, the crystals are ordered with increasing Rabi energy ~
 (black line)

script. Accordingly, the �tting coe�cients are set at a = 0 :08584 andb = 0 :0365.

We will now try to model the upper and lower polariton states. We improved the model that was
used in section 3.2 so it now also contains the new splitted hybrid modes. The scriptRabi model.m
contains the code that was added to the scriptHarmonic Oscillator.m to model the Rabi split-
ting.

Initially, the strategy for modelling the Rabi splitting was to replicate the SLR mode �t seen in
�gure 3.3a the Rabi splitting for all of the 5 dispersions. However, that led to unsuccessful �tting
of the polariton mode, and thus unsatisfactory results. The model that was used relies on the
assumption that the refractive index of tetracene, n = 1.55, is constant for every wavelength.
In reality, this is not the case. The refractive index varies per wavelength of the incident light,
which means it varies per energy of the incident photons. Integrating the refractive indexn as

Figure 3.11: Plot of the Rabi energies obtained
from �gure 3.10, versus the thickness per crystal
from table 3.2.

Figure 3.12: A square root �t ~
 = a
p

b� t ap-
plied to the measurements from �gure 3.11, with
coe�cients a = 0.04492 and b = 0.1576.
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a function of the Photon Energy E in our model is a task out of the scope of this research. For
this reason, we let the SLR un�xed in the model, and manually adjustable by tweaking 
 min and

 max . Additionally, we observe in �gure 3.9 that the SLR bands in the dispersions are sometimes
shifted up or down compared to each other. This can be explained by the fact that the interface
between crystal and air is unequal for every crystal. Hence, the SLR mode coupling strengths

 min and 
 max are not only di�erent in the dispersions compared to those for the model in 3.3a,
but also di�erent in the dispersions compared to each-other. This also explains why the SLR
band from the bare array A380 reachesE = 2.38 eV at ~kk = 3 :4 rad=µm, while in the coupled C1
+ A380 dispersion, E = 2.38 eV is only reached at around~kk = 7 :25 rad=µm, as seen in �gure
3.7.

With this in mind, it is possible to model the hybrid exciton-SLR modes in the 5 crystals that show
a visible Rabi splitting. 
 X 1 represents the the loss rate of the singlet exciton, and can be tweaked
in the script. In �gure 3.13, the polariton bands �tted to the measurements for every crystal is
shown. It was possible to adequately �t these bands while loosening the restrictions for the SLR
band as mentioned above. Here, we focused on optimizing the �t at wave vectors~kk � 3 rad=µm
as the interesting splitting behaviour takes place at those wave vectors. Furthermore, a graph was
added where all the polariton bands are plotted, as well as the exciton energyEX = 2.38 eV. In
this �gure, we can again observe that an increase in thickness in the excitonic material increases
the splitting between the upper and lower polariton bands. Another noteworthy observation is
that the upper band has the same energy at~kk = 0 rad =µm for all the crystals and di�ers only a
small amount at ~kk = 5 & 10 rad =µm. The lower bands however, diverge more pronounced from
each other.
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(a) Parameters: ne� = 1.49, 
 min = 0.29 eV,

 max = 0.65 eV, 
 X 1 = 0.16 eV.

(b) Parameters: ne� = 1.53, 
 min = 0.21 eV,

 max = 0.7 eV, 
 X 1 = 0.205 eV.

(c) Parameters: ne� = 1.53, 
 min = 0.20 eV,

 max = 0.82 eV, 
 X 1 = 0.13 eV.

(d) Parameters: ne� = 1.53, 
 min = 0.29 eV,

 max = 0.65 eV, 
 X 1 = 0.01 eV.

(e) Parameters: ne� = 1.53, 
 min = 0.28 eV,

 max = 0.7 eV, 
 X 1 = 0.01 eV.

(f) The �ts from sub �gures (a)-(e) plotted
in a one graph. The black dashed line is the
exciton energy EX = 2.38 eV.

Figure 3.13: Fitted dispersions of the lower and upper polariton bands of crystal (a) C1, (b) C9, (c) C7,
(d) C8, (e) C9. The red dashed curve is the SLR mode, the black dashed line the exciton energy, and
the orange curves the lower and upper polariton bands. These upper and lower �ts are combined in one
graph in (f).





Chapter 4

Discussion

In this study, we examined strong light-matter coupling of excitons in tetracene crystals on top of a
nanorod array, with photons in the cavity de�ned by the array. Speci�cally we investigated how the
thickness of those crystals in
uence the Rabi energy of the newly created hybrid exciton polaritons.
We examined the TE dispersion from 10 crystals on top of the array, and 5 of those crystals showed
a clear Rabi-splitting in the measured dispersion. With these 5 crystals, the relationship described
by equation 1.5 was tested, assuming that the amount of excitonic moleculesN that couples with
the nanorod array is directly related to the thickness of the crystal t that is measured, i.e., the
mode volume V remains constant while changing the thickness of the excitonic material. This
assumption is vital to �nd any relationship between the Rabi energy ~
 and N .

The measured data from these 5 crystals shows that this relationship holds, and this was veri�ed
by successfully �tting a square root function of ~
 = a

p
b� t to the data points of the 5 crystals.

However, the 5 measured crystals have a relatively similar thickness, an the relationship between
the thickness t and ~
 also closely resembles a linear function. The uncertainty in ~
 is also
rather large, which reduces the accuracy of the �t. Nevertheless the square root function still �ts
the data reasonably well, even when disregarding the large uncertainty in~
.

The 5 crystals that were too thick to show any Rabi-splitting in the associated dispersion, displayed
some interesting behavior at energiesE < 2.38 eV: a double or even triple SLR mode is visible
at those energies. These SLR modes could guided modes in the nanorod-crystal system. Further
research and calculations on thick (tetr-)acene crystals on top of a nanoparticle array are needed
to fully understand why this phenomena takes place.

For the 5 thin crystals that exhibit Rabi-splitting, it was possible to �t the upper and lower
polariton modes on the associated dispersions. However, the model that was used for this �t has
some limitations that make a good �t impossible without some adjustments. The SLR �t should,
in theory, be identical for the 5 crystals, as well as for the bare array SLR �t. To obtain an
adequate �t, loosening both these restrictions were necessary. A good �t of the upper and lower
polaritons was obtained in the range~kk ' 2 - 8 rad=µm. The relationship between~
 and t is also
distinguishable when plotting the 5 �ts from the 5 dispersions in one graph. To obtain a �t which
is correct for every value for~kk , a model has to implemented where the e�ective refractive index
nef f takes di�erent values for the energy of the incident light E . As the dispersion depends on E
at a certain ~kk , ne� would have multiple values, dependent on the photon energyE. Implementing
this dependency ofne� on E correctly in the strong coupling �ts deemed a task too extensive for
this Bachelor's thesis. We recommend to work out this relationship in a script in a future study,
so that a Rabi splitting �t can correctly be applied to the dispersion of a (tetr-)acene crystal on
top of a nanoparticle array.

Of course, the reliability of the obtained data in this research is impacted by multiple factors,
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which could be improved in multiple ways in a future study. Here follow some limitations of some
methods used and ways to improve them:

The thickness of the tetracene crystals were estimated by �nding the relationship between the
transmission of two crystals and the associated thickness, using the Fourier microscope for the
transmission and the stylus pro�lometer for the thickness. Only two crystals were used for this �t.
Using more crystals obviously will lead to a more accurate estimation of the thickness for a crystal
on top of the array. In this way, the �t in �gure 3.12 could be improved substantially. Continuing
with the �t on �gure 2.6, the peaks with maximum extinction for the crystals were used to obtain
the associated measured transmission values. Very thick crystals, such as TTC2, often have a
saturated maximum extinction peak, which means that estimating the thickness using this peak
will lead to inaccurate results. We have recognized that our model for determining the estimated
thickness is insu�cient for very thick and very thin crystals. For more accurate results, we could
use the secondary extinction peak from the tetracene crystal spectrum. This peak, which has a
higher energy, is not yet saturated at a thicknesst = 200 nm. This allows us to accurately extend
our �t beyond crystals with thickness t = 200 nm. In section 3.4, multiple tetracene crystals were
chosen based on the orientation of thea-axis of those crystals. We measured the dispersion of these
crystals with incident light polarized in the a direction, which results in the strongest absorption
of light in the tetracene crystals. In this way, we could accurately use crystals outside of the array
as a reference, because we are comparinga spectra to each other and the light absorption by the
tetracene crystals is always maximum. An unfortunate result of using this method is that the
dipole direction of these crystals is not always perfectly aligned to the short or long axis of the
nanoparticles in the array. We could achieve optimal measurement conditions if these crystals are
all orientated so that the dipole perfectly aligns with either the TE or TM mode of the array.
In this way, the measured dispersion of the crystals can be better compared to each other as we
nullify the in
uence of this polarization di�erence on the measured dispersion. By using so-called
nano-manipulators [35], it could be possible to move and rotate polyacene crystals to perfectly
align them to either the TE or TM mode of the array. With these nano-manipulators, we could
also move crystals with varying thickness fromt = 80 nm to t = 160 nm to the edge of the array.
This could then open up the possibility to reference all the crystals on top of the array with the
same bare crystal dispersion, as was done with C1. Hence, using nano-manipulators to move and
rotate crystals could make measuring the dispersions of these crystals easier while also resulting
in clearer dispersion measurements.

In this thesis, we have chosen to only measure the Rabi-splitting in the TE dispersion mode, as
the exciton energy in tetraceneEX = 2.38 eV is too high to couple with array A380 at a feasible
value for ~kk . By depositing pentacene crystals on the array instead of tetracene crystals, which
have an exciton energy of 2.1 eV and also exhibits singlet �ssion, we could seemingly couple the
exciton mode from pentacene with the TM-SLR mode from A380 [36, 1]. A future research study
could be set up to examine this speci�c strong coupling, and compare it to the strong coupling
examined in this thesis.

We reiterate that the results of this thesis suggest that the Rabi energy~
 of tetracene crystals on
a nanoparticle array can be tuned by varying the thickness of these crystals, where~
 scales with
the square root of the tetracene crystal thickness. It is feasible to assume that this relationship
does not only hold for tetracene crystals, but for other acene crystals as well, such as pentacene [1].
These results open up the possibility for scienti�c studies that relate the Rabi energy~
 to the
amount of singlet �ssion in an acene crystal. This research could point out that~
 has indeed a
positive in
uence on the singlet �ssion, or that there is a sweet spot for maximizing singlet �ssion
in an acene crystal on top of a nanoparticle array for a speci�c crystal thicknesst. If that would
be the case, this thesis could be a key contributor to maximizing singlet �ssion in acene crystal,
thus possibly increasing the e�ciency of acene PV-solar cells.
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Chapter 5

Conclusion

This research aimed to identify the e�ect of the thickness of tetracene crystalst on the Rabi energy
~
 of exciton-polaritons resulting from the strong coupling of excitons in tetracene with a silver
nanorod array. Based on a quantitative analysis of multiple crystals on top of a silver nanorod
array, it can be concluded that the Rabi energy~
 depends on the square root of the thickness of
the measured crystal

p
t. The results also indicate that the dispersions in thicker crystals show a

double or even triple SLR modes at low photon energies, but no clear conclusions could be drawn
from these results.

The results were obtained by �rst measuring the extinction and photo luminescence spectra of a
single tetracene crystal, then measuring the dispersion of the bare nanoparticle array with lattice
parameter a = 380 nm and concluding with measuring the dispersions of multiple crystals with
di�erent thicknesses t that were deposited on top of that array. We found that the �rst exciton
of a single tetracene crystal has an energy ofEX = 2.38 eV, and could be strongly coupled with
the TE-SLR mode of the array, the SLR mode reaches this energy at~kk ' 3 rad=µm. We have
successfully measured the dispersions of 10 di�erent crystals with thicknesses roughly ranging
from t ' 80 nm to t ' 200 nm. 5 of those 10 crystals had a dipole orientation which was roughly
aligned to the TE mode of the array, while also having thicknessest < 150. These traits made those
5 crystals (C1, C2, C7, C8, C10) suitable for coupling with the SLR-mode. By referencing the
measured dispersions of these crystals with crystals outside of the array that roughly have the same
thickness, we could obtain the dispersions of these crystals that clearly show Rabi-splitting in the
hybrid excitonic-plasmonic mode. Subsequently, we plotted the thickness of these crystals against
the associated Rabi energy~
, and successfully �tted a square root function to the data. Lastly,
we attempted to model the Rabi-splitting in the dispersions from these 5 crystals. While these
Rabi-splitting �ts do not perfectly resemble the observed hybrid modes due to the inaccuracies
in the e�ective refractive index ne� as a function of the photon energyE, these �ts provide new
insights in how a further research can be undertaken on strong light-matter coupling of organic
crystals with extended cavity modes. Based on these results, further research could determine the
e�ects of the Rabi energy ~
 on the amount of singlet �ssion in an acene crystal. Those results
could be critical for maximizing singlet �ssion in acene crystals, hence increasing the e�ciency of
acene PV-solar cells.
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