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Abstract 
 
Strong coupling of molecules with a confined light field results in the formation of new 
polaritonic eigenstates of the system called polaritons that inherit both molecular and 
photonic characteristics and thus holds strong potential for applications in chemistry and 
optoelectronics. 

In this work, coupling between propagating surface plasmon polaritons (SPPs), as 
confined light field, and molecular excitations, such as vibrational resonances and polaronic 
features, is investigated. SPPs cannot be excited directly with freely propagating light and 
special geometries are needed. Coupling with a prism in Otto and Kretschmann-Raether 
configurations is used to excite surface plasmon polaritons, respectively, at a metal/dielectric 
interface and a highly-doped-semiconductor/dielectric interface. Additionally, SPPs are 
extremely sensitive to the refractive index, the thickness and the surface-roughness of the 
layers. Therefore, excellent film deposition and sample fabrication conditions along with 
characterization techniques are crucial for this work. 

The strong coupling regime between a molecular vibration and a propagating surface 
plasmon polariton is demonstrated for the first time in the mid-infrared spectral range using 
the carbonyl stretch vibration of Poly(vinyl methyl ketone) (PVMK) polymer and silver as 
metallic medium  for SPPs propagation. The newly formed hybrid modes are investigated 
through experiments and numerical modelling, employing attenuated-total-reflection (ATR) 
and thermal emission measurements as well as transfer-matrix and linear dispersion theory 
calculations. An anticrossing behavior in the dispersion of the polariton branches with an 
energy splitting up to 15meV, which is a key signature of the strong coupling regime, is 
observed. 

Strong coupling involving zinc gallium oxide (ZnGaO), which is a highly doped 
semiconductor, as an alternative to noble metals is also investigated. Experimental and 
simulated reflectometry spectra as well as the dispersion relations are discussed so as to draw 
conclusions about the properties of the system. Furthermore, an approach to enhance the 
conductivity of organic semiconductor polymers by strongly coupling their polaronic states 
to SPPs is presented and four-point probe measurements are conducted. The goal is to exploit 
the delocalization of the hybrid states to alter the conductivity of the organic semiconductor. 

The results presented in this thesis provide new insights into the profit from the 
properties of light-matter hybridization in order to explore its full potential for several areas 
and applications.  
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Zusammenfassung 
 
Starke Kopplung von Molekülen mit einem räumlich begrenzten Lichtfeld führt zur Bildung 
neuer polaritonischer Eigenzustände des Systems, die sowohl molekulare als auch photonische 
Eigenschaften erhalten und somit ein großes Potenzial für Anwendungen in der Chemie und 
Optoelektronik besitzen. 

In dieser Arbeit wird die Kopplung zwischen sich ausbreitenden 
Oberflächenplasmonen-Polaritonen (SPPs), die als das räumlich begrenzte Lichtfeld agieren, 
und molekularen Anregungen wie Schwingungsresonanzen und polaronischen Resonanzen 
untersucht. SPPs können nicht direkt mit frei propagierendem Licht angeregt warden, dafür 
werden spezielle Geometrien benötigt. Die Kopplung mit einem Prisma in Otto- und 
Kretschmann-Raether-Konfigurationen wird verwendet, um Oberflächenplasmonen-
Polaritonen an einer Metall/Dielektrikum- bzw. einer hochdotierten Halbleiter/Dielektrikum-
Grenzfläche anzuregen. Außerdem sind SPPs extrem empfindlich gegenüber dem 
Brechungsindex, der Dicke und der Oberflächenrauhigkeit der Schichten. Daher sind 
hervorragende Dünnschichts- und Probenherstellungsbedingungen sowie 
Charakterisierungstechniken für diese Arbeit von entscheidender Bedeutung. 

Das starke Kopplungsregime zwischen einer Molekülschwingung und einem sich 
ausbreitenden Oberflächenplasmon-Polariton wird zum ersten Mal im mittleren Infrarot-
Spektralbereich unter Verwendung der Carbonyl-Streckschwingung von 
Poly(vinylmethylketon) (PVMK)-Polymer und Silber als metallischem Medium für die 
Propagation von SPPs demonstriert. Die neu gebildeten Hybridmoden werden durch 
Experimente und numerische Modellierung untersucht, wobei Messungen der 
abgeschwächten Totalreflexion (ATR) und der thermischen Emission sowie Berechnungen 
mittels der Transfermatrix und der linearen Dispersionstheorie verwendet werden. Ein 
Anticrossing-Verhalten in der Dispersion der Polariton-Zweige mit einer Energieaufspaltung 
bis zu 15 meV, was die Hauptsignatur des starken Kopplungsregimes ist, wird beobachtet. 

Die starke Kopplung mit Zinkgalliumoxid (ZnGaO), einem hochdotierten Halbleiter 
als Alternative zu Edelmetallen, wird ebenfalss untersucht. Experimentelle und simulierte 
Reflektometrie-Spektren sowie die Dispersionsrelationen werden diskutiert, um Rückschlüsse 
auf die Eigenschaften des Systems zu ziehen. Darüber hinaus wird ein Ansatz zur 
Verbesserung der Leitfähigkeit organischer Halbleiterpolymere durch starke Kopplung ihrer 
polaronischen Zustände an SPPs vorgestellt und Vierpunktprobemessungen durchgeführt. 
Ziel ist es, die Delokalisierung der Hybridzustände auszunutzen, um die Leitfähigkeit des 
organischen Halbleiters zu verändern. 

Die in dieser Dissertation präsentierten Ergebnisse bieten neue Einblicke in den 
Nutzen der Eigenschaften der Licht-Materie-Hybridisierung, um ihr volles Potenzial für 
verschiedene Bereiche und Anwendungen zu erforschen. 
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1    Introduction 
 
The interaction between light and matter has always aroused the curiosity of scientists, which 
ultimately resulted in a more profound understanding of the dual nature of light and the 
structure of matter. Indeed, it has become possible to produce new light sources such as 
lasers [1], to change the properties of matter for example, the color of a material [2], and even 
to create an invisibility cloak [3]. This potential to modify and control material properties 
offers new perspectives to develop optical and photonic devices in various areas ranging from 
chemical sensing [4], imaging [5] and light harvesting [6] to optical communication [7]. One 
of the main key concepts behind this is that when molecules strongly couple to a light field, 
new states, as schematized in Figure 1.1, inheriting both molecular and photonic properties 
are formed [8]. These hybrid states are called polaritons. The properties of these hybrid 
light−matter states have been the subject of intensive investigation [9-11]. As a consequence, 
light−matter strong coupling has been demonstrated as a means to modify chemical reactivity 
[12–14], charge transport [15–18], superconductivity [19], and the nonlinear optical response 
[20], thus opening a new dimension for tuning material properties. 

Strong coupling with molecules, in particular with vibrational transitions of a 
molecule known as vibrational strong coupling, has been intensely studied in planar 
microcavities [21, 22]. These structures have been proved to be very effective in achieving 
strong coupling. However, producing such systems faces technological difficulties since the 
involved molecules are sensitive to the growth conditions of the optical microcavities. An 
alternative approach to using the photonic modes of planar microcavities as light field is to 
exploit the broadband and high confinement of surface plasmon polaritons (SPPs) [23]. 
Strong coupling involving SPPs and excitons in dye molecules and J-aggregates has been 
recently studied [24–27]. However, to our knowledge, the strong coupling regime between 
propagating surface plasmon polaritons of a planar metal film and molecular vibrations had 
never been observed. The observation of this regime is studied and demonstrated in this 
thesis (chapter 5).  

Coupling of surface plasmon polaritons is mainly studied using noble metals like gold 
and silver due to their high density of free electrons. While these materials provide 
subwavelength optical confinement, they do suffer from large ohmic losses at visible and IR 
wavelengths and their plasma frequency is fixed, preventing the tunability of their optical 
properties. To better explore light-matter coupling in the mid-infrared spectral region, novel 
materials that have subwavelength confinement at IR wavelengths and low propagation losses 
at the same time are required [28, 29]. A variety of highly doped semiconductors [30] have 
been identified as promising candidates, such as indium tin oxide [31], aluminum and gallium 
zinc oxide [32], due to their tunable carrier density and thus dielectric function, yielding a 
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plasma frequency shifted to the mid-IR spectral range with less ohmic losses. Light-matter 
strong coupling using SPPs of highly doped semiconductors is also covered in this thesis 
(chapter 6). 
 
 

(a)                                                            (b) 
 

 
 
 
 
 
 
 
 
 

Figure 1.1: (a) Schematic representation of strong coupling between a molecular transition 
                 and an optical cavity mode. (b) Absorption spectra showing the presence of two 
                 polaritonic states under strong coupling (in black the initial molecular 
                 absorption and in red the coupled system). 
 
 
Outline of this thesis: 
Chapter 2 is devoted to the fundamental theory of surface plasmon polaritons and strong 
coupling along with the transfer matrix method (TRMA) as the main numerical technique 
to model the investigated samples. 
Chapter 3 focusses on the different fabrication and characterization techniques of the samples 
as well the different materials used in the work represented in this thesis. Surface plasmon 
polaritons are extremely sensitive to the index, the thickness and the roughness of the 
surrounding material layers. Therefore, the quality of samples and the precise control of the 
layer deposition and characterization constitute a crucial aspect for this work. 
The experimental observation of SPPs is outlined in chapter 4. Special geometries are 
necessary in order to couple a radiative light wave with an SPP. In this respect, different 
coupling methods of SPPs are presented. This is then followed by addressing more precisely 
the experimental setups used in this work and the different parameters that can affect the 
characteristics of the observed surface plasmon polaritons. 
Chapter 5 is dedicated to the most innovative part of this work, namely the demonstration 
of the strong coupling regime between surface plasmon polaritons and molecular vibrations 
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in an organic-inorganic plasmonic hybrid structure consisting of a ketone-based polymer 
deposited on top of a silver layer. This regime results in new eigenstates of the system, i.e. 
hybrid polaritonic states. Reflectometry measurements allowed us to obtain the dispersion 
relation of the polaritonic branches revealing an anticrossing behavior which is one signature 
of the strong coupling regime. This behavior is also reproduced by thermal emission 
measurements of the system. 
Chapter 6 discusses strong coupling that involves a heavily doped semiconductor acting as a 
medium for surface plasmon polariton propagation and being an alternative to noble metals. 
The studied system consists of a ZnGaO layer as the inorganic part and the same polymer 
used in chapter 5 as the organic part. Experimental and simulated reflectometry spectra as 
well as the dispersion relations are discussed so as to draw conclusions about the properties 
of the system. 
Chapter 7 investigates the strong coupling approach between SPPs and polaronic states of 
conjugated semiconductor polymers in order to increase their conductivity. Various sample 
and measurement designs are inspected along with a description of the challenges faced 
during sample fabrication and characterization. 
Finally, the main results of this work are summarized. 
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2    Fundamentals 
 
The present chapter, which consists of three main parts, is dedicated to introducing the 
fundamental concepts and methods required to discuss the research presented in this work. 
The first part revisits the basic principles of surface plasmon polaritons (SPPs). As for the 
second part, it is devoted to the fundamentals of strong coupling, which is the crux of this 
research. Finally, the third part introduces the transfer-matrix method (TRMA) which is the 
main numerical technique that has been used to simulate the presented results and model 
the studied samples throughout the thesis. 
 
 

2.1  Theory of surface plasmon polaritons 
 
This section provides a theoretical description of surface plasmon polaritons. It starts off with 
a presentation of Maxwell equations at a single interface, discusses the existence condition of 
surface waves with the special case of a three-layer system and then provides a physical 
interpretation using Drude Model. The last subsection focuses on the main properties of 
SPPs, their dispersion relation, and typical length scales. This basic description can be found 
in standard textbooks of electrodynamics and plasmonics [33-35]. 
 

2.1.1  Surface waves 
We will start with Maxwell equations: 

∇  .  𝐃𝐃 =  𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒                                                                       (2.1) 
 

∇  .  𝐁𝐁 =  0                                                                            (2.2) 
 

∇  ×  𝐄𝐄 =  −
𝜕𝜕𝐁𝐁
𝜕𝜕𝜕𝜕

                                                                   (2.3) 

 

∇  ×  𝐇𝐇 =   𝐉𝐉𝐞𝐞𝐞𝐞𝐞𝐞 +
𝜕𝜕𝐃𝐃
𝜕𝜕𝜕𝜕

                                                         (2.4) 

 
In these equations, the four macroscopic fields D (the electric displacement), E (the electric 

field), H (the magnetic field), and B (the magnetic induction) are linked with the external 
charge and current densities 𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 and 𝐉𝐉𝐞𝐞𝐞𝐞𝐞𝐞. 
 
They are also further linked with the Polarization P and Magnetization M: 
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𝐃𝐃 =  𝜀𝜀0𝐄𝐄 + 𝐏𝐏                                                                     (2.5) 

𝐇𝐇 =  
1
µ0
𝐁𝐁 −𝐌𝐌                                                                   (2.6) 

where 𝜀𝜀0 and µ0 are, respectively, the electric permittivity and the magnetic permeability of 
the vacuum. 
M can be set to zero because in this work we consider nonmagnetic media (µ=1). 
Eq. 2.5 can also be written in the form 𝐃𝐃 =  𝜀𝜀0𝜀𝜀𝐄𝐄 with 𝜀𝜀 the relative material permittivity. 
We also consider that there is no external charge and current densities, this will give: 

 ∇.  𝐃𝐃 =  0 and  ∇  ×  𝐇𝐇 =  𝜕𝜕𝐃𝐃
𝜕𝜕𝑒𝑒

 

 
Taking the curl of Eq. 2.3 and combining it with Eq. 2.4 will give: 
 

∇  ×  ∇  ×  𝐄𝐄 =  −µ0  
𝜕𝜕2𝐃𝐃
𝜕𝜕𝜕𝜕2

                                                            (2.7) 
 

Using Eq. 2.1, Eq. 2.5 and the following relation: ∇  ×  ∇  ×  𝐅𝐅 =  ∇(∇.𝐅𝐅) − ∇2𝐅𝐅, Eq. 2.7 can 
be rewritten as: 

∇ �−
1
𝜀𝜀
𝐄𝐄 ∇𝜀𝜀�  − ∇2𝐄𝐄 =  −µ0𝜀𝜀0𝜀𝜀

𝜕𝜕2𝐄𝐄
𝜕𝜕𝜕𝜕2

                                          (2.8) 

 
For a negligible variation of the material permittivity 𝜀𝜀 = 𝜀𝜀(r) over distances of the order of 
one optical wavelength, Eq. 2.8 simplifies to the homogeneous wave equation: 
 

∇2𝐄𝐄 −
𝜀𝜀
𝑐𝑐2
𝜕𝜕2𝐄𝐄
𝜕𝜕𝜕𝜕2

= 0                                                         (2.9) 

 
We obtain the wave equation for the magnetic field using a similar manipulation of the 
Maxwell Eq. 2.3 and Eq. 2.4 with the same conditions. Eq. 2.9 can be written in a general 
form as: 

∇2𝐅𝐅 −
𝜀𝜀
𝑐𝑐2
𝜕𝜕2𝐅𝐅
𝜕𝜕𝜕𝜕2

= 0                                                      (2.10) 

 
valid for both the electric field (F=E) and the magnetic field (F=H). 
To adapt Eq. 2.10 to the description of confined propagating waves, we assume a general 
harmonic time dependence of the electric field (the same applies to the magnetic field) 
𝐅𝐅(𝐫𝐫, 𝜕𝜕) = 𝐅𝐅(𝐫𝐫)𝑒𝑒−𝑖𝑖𝑖𝑖𝑒𝑒. After Inserting it into Eq. 2.10, we obtain: 

 
∇2𝐅𝐅 + 𝑘𝑘02𝜀𝜀𝐅𝐅 = 0                                                          (2.11)                                                       

where 𝑘𝑘0 = 𝜔𝜔 𝑐𝑐⁄  is the wave vector of the propagating wave in the vacuum. 
Figure 2.1 shows the simplest geometry where surface waves can exist at a plane interface 
that separates two homogeneous media. Medium 1 is characterized by a complex dielectric 
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constant 𝜀𝜀1 (or refractive index 𝑛𝑛1 = √𝜀𝜀1 ) for z<0 and medium 2 is characterized by a real 
dielectric constant 𝜀𝜀2 (or refractive index 𝑛𝑛2 = √𝜀𝜀2 ) for z>0.  
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Schematic diagram of a plane interface separating two homogenous materials.  
 
 
From their definition, surface waves propagate along the interface plane and are confined in 
the direction perpendicular to the interface. If we consider a propagating wave along the x 
direction and independent of y, the electric and magnetic fields can be written in the following 
form 𝐅𝐅(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝐅𝐅(𝑧𝑧)𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒 , where k is the wave vector perpendicular to the interface. 
Eq. 2.11 becomes: 

𝜕𝜕2𝐅𝐅(𝑧𝑧)
𝜕𝜕𝑧𝑧2

 + (𝜀𝜀(𝑧𝑧)𝑘𝑘02 − 𝑘𝑘2)𝐅𝐅(𝑧𝑧) = 0                                           (2.12) 

 
where 𝜀𝜀(𝑧𝑧) is 𝜀𝜀1 for z<0 and is 𝜀𝜀2 for z>0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Schematic decay of the electric field (a) in the z direction and the magnetic 

       field (b) in the y direction, at a metal/dielectric interface. 

z 
y 

x 

𝜺𝜺𝟏𝟏 

𝜺𝜺𝟐𝟐 
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Eq. 2.12 has complex exponential functions as solutions. Surface waves correspond to 
solutions with the form 𝐅𝐅1(𝑧𝑧) = 𝐅𝐅1𝑒𝑒+𝑖𝑖1𝑧𝑧 for z < 0 and 𝐅𝐅2(𝑧𝑧) = 𝐅𝐅2𝑒𝑒−𝑖𝑖2𝑧𝑧 for z > 0 with   Re[𝑘𝑘1] 
> 0 and Re[𝑘𝑘2] > 0, i.e. with exponentially decaying electromagnetic fields away from the 
interface as shown in Figure 2.2. 

 
2.1.2  Dispersion Relation and existence conditions 
To obtain the dispersion relation of surface waves, i.e. the relation between 𝜔𝜔 and 𝑘𝑘, we 
consider Eq. 2.3 for the components 𝐸𝐸𝑒𝑒, 𝐸𝐸𝑦𝑦, 𝐸𝐸𝑧𝑧, and Eq. 2.4 for the components 𝐻𝐻𝑒𝑒, 𝐻𝐻𝑦𝑦, 𝐻𝐻𝑧𝑧. 
We should also distinguish between the TM (𝐻𝐻𝑧𝑧  = 0) and TE (𝐸𝐸𝑧𝑧   = 0) polarizations. 
For TM polarization, the non-zero field components are 𝐻𝐻𝑦𝑦, 𝐸𝐸𝑒𝑒, 𝐸𝐸𝑧𝑧,  and satisfy: 
 

𝜕𝜕2𝐻𝐻𝑦𝑦
𝜕𝜕𝑧𝑧2

 + (𝜀𝜀𝑘𝑘02 − 𝑘𝑘2)𝐻𝐻𝑦𝑦 = 0                                                              

𝐸𝐸𝑒𝑒 =  −
𝑖𝑖

𝜔𝜔𝜀𝜀0𝜀𝜀
 
𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝑧𝑧

                                                                   

𝐸𝐸𝑧𝑧 =  −
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀
 𝐻𝐻𝑦𝑦                                                        (2.13) 

 
Evanescent solutions along z have the following form: 
for z<0 

 𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝐴𝐴1𝑒𝑒𝑖𝑖1𝑧𝑧 

𝐸𝐸𝑒𝑒(𝑧𝑧) = −𝐴𝐴1
𝑖𝑖𝑘𝑘1
𝜔𝜔𝜀𝜀0𝜀𝜀1

 𝑒𝑒𝑖𝑖1𝑧𝑧 

𝐸𝐸𝑧𝑧(𝑧𝑧) = −𝐴𝐴1
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀1
 𝑒𝑒𝑖𝑖1𝑧𝑧                                                        (2.14) 

 
 
and for z>0 

𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝐴𝐴2𝑒𝑒−𝑖𝑖2𝑧𝑧 

𝐸𝐸𝑒𝑒(𝑧𝑧) = 𝐴𝐴2
𝑖𝑖𝑘𝑘2
𝜔𝜔𝜀𝜀0𝜀𝜀2

 𝑒𝑒−𝑖𝑖2𝑧𝑧 

𝐸𝐸𝑧𝑧(𝑧𝑧) = −𝐴𝐴2
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀2
 𝑒𝑒−𝑖𝑖2𝑧𝑧                                                     (2.15) 

 
The wave equation applied in Eq. 2.13 imposes the following conditions: 
 

𝑘𝑘12 = 𝑘𝑘2 − 𝑘𝑘02𝜀𝜀1 
 

𝑘𝑘22 = 𝑘𝑘2 − 𝑘𝑘02𝜀𝜀2                                                                (2.16) 
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Because of continuity conditions at the interface we have: 𝐻𝐻𝑦𝑦(𝑧𝑧 = 0+) =  𝐻𝐻𝑦𝑦(𝑧𝑧 = 0−) and 
𝐸𝐸𝑒𝑒(𝑧𝑧 = 0+) = 𝐸𝐸𝑒𝑒(𝑧𝑧 = 0−), which yields: 

                                                  𝐴𝐴1 =  𝐴𝐴2 
and 

𝑘𝑘1
𝑘𝑘2

= −
𝜀𝜀1
𝜀𝜀2

                                                              (2.17) 

 
As we mentioned before, a surface wave decays exponentially away from the interface, this 
implies that 𝑘𝑘1 > 0 and 𝑘𝑘2 > 0. If we consider real dielectric functions, from Eq. 2.17 it 
follows that 𝜀𝜀1 and 𝜀𝜀2 must be opposite in sign. For example, if medium 1 has a metallic 
character (𝜀𝜀1 < 0), medium 2 must have a dielectric character (𝜀𝜀2 > 0). 
 
For TE polarization, continuity conditions at the interface for 𝐸𝐸𝑦𝑦 and 𝐻𝐻𝑒𝑒 yield 𝐴𝐴1(𝑘𝑘1 + 𝑘𝑘2) =
0, which cannot be satisfied by surface modes. Surface waves cannot exist for TE polarization; 
they only exist for TM polarization. 
After combining Eq. 2.17 and Eq. 2.16, we obtain the dispersion relation of a surface plasmon 
polariton at the interface between two half-spaces: 

𝑘𝑘 = 𝑘𝑘0�
𝜀𝜀1 𝜀𝜀2 
𝜀𝜀1 + 𝜀𝜀2 

                                                          (2.18) 

An effective refractive index can be defined 

𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘 𝑘𝑘0⁄ = �
𝜀𝜀1 𝜀𝜀2 
𝜀𝜀1 + 𝜀𝜀2 

                                                (2.19) 

 
Also, a wavelength for the surface wave can be defined 
 

𝜆𝜆𝑠𝑠𝑠𝑠 =
2𝜋𝜋

𝑅𝑅𝑒𝑒[𝑘𝑘]
=

𝜆𝜆0
𝑅𝑅𝑒𝑒[𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒]

                                              (2.20) 

 
At the end of section 2.1.1 we imposed a condition on the confinement of surface waves at 
the interface, namely Re[𝑘𝑘1] > 0 and Re[𝑘𝑘2] > 0. This was followed by saying that surface 

modes exist only for TM polarization. Eq. 2.16 yields that 𝑅𝑅𝑒𝑒 ��𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 − 𝑛𝑛12� > 0 and 

𝑅𝑅𝑒𝑒 ��𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 − 𝑛𝑛22� > 0. If we have real dielectric constants we obtain the existence condition 

𝜀𝜀1 𝜀𝜀2 < 0. These surface electromagnetic waves, can therefore only exist in the interface 
between two media with opposite dielectric constants. This condition is verified between a 
dielectric (𝜀𝜀𝑑𝑑> 0) and a metal (𝜀𝜀𝑚𝑚 <0). 
If we introduce complex values of 𝜀𝜀, which is the real case for almost any material, the 
problem becomes more delicate and an implicit relation needs to be satisfied. 
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Combining Eq. 2.18 and Eq. 2.16, we obtain: 
 

𝑘𝑘12 = −
𝜀𝜀12

𝜀𝜀1 + 𝜀𝜀2
𝑘𝑘02 

 

𝑘𝑘22 = −
𝜀𝜀22

𝜀𝜀1 + 𝜀𝜀2
𝑘𝑘02                                                              (2.21) 

 

We write 𝜀𝜀1 and 𝜀𝜀2 in polar coordinates as 𝜀𝜀1 = |𝜀𝜀1|𝑒𝑒𝑖𝑖𝜃𝜃1 and 𝜀𝜀2 = |𝜀𝜀2|𝑒𝑒𝑖𝑖𝜃𝜃2 with 𝜃𝜃1, 𝜃𝜃2  ∈ [0,𝜋𝜋]. 
We define 𝜀𝜀12 = 𝜀𝜀1 + 𝜀𝜀2 = |𝜀𝜀12|𝑒𝑒𝑖𝑖𝜃𝜃12  with 𝜃𝜃12  ∈ [0,𝜋𝜋]. 
The solutions for equations 2.21 are: 
 

𝑘𝑘1 = ±
|𝜀𝜀1|

�|𝜀𝜀12|
𝑒𝑒𝑖𝑖(𝜃𝜃1−𝜃𝜃12 2⁄ −𝜋𝜋 2⁄ )𝑘𝑘0 

𝑘𝑘2 = ±
|𝜀𝜀2|

�|𝜀𝜀12|
𝑒𝑒𝑖𝑖(𝜃𝜃2−𝜃𝜃12 2⁄ −𝜋𝜋 2⁄ )𝑘𝑘0                                                (2.22) 

 
 
Not all pairs (𝑘𝑘1,𝑘𝑘2) are physically allowed because 𝑘𝑘1 and 𝑘𝑘2 have to satisfy Eq 2.17 which 
can be written in complex notation as: 
 

𝑘𝑘1
𝑘𝑘2

= −
|𝜀𝜀1|
|𝜀𝜀2| 𝑒𝑒

𝑖𝑖(𝜃𝜃1−𝜃𝜃2)                                                  (2.23) 

 
Eq. 2.23 is satisfied only if 𝑘𝑘1 and 𝑘𝑘2 have different signs. This condition and the confinement 
condition lead to the following requirement: 
 

cos(𝜃𝜃1 − 𝜃𝜃12 2⁄ − 𝜋𝜋 2⁄ ) cos(𝜃𝜃2 − 𝜃𝜃12 2⁄ − 𝜋𝜋 2⁄ ) < 0                        (2.24) 
 
Using trigonometric addition formulas, Eq 2.24 can be transformed to: 
 

cos(𝜃𝜃1 − 𝜃𝜃2) < cos(𝜃𝜃1 + 𝜃𝜃2 − 𝜃𝜃12)                                          (2.25) 
 
Let us recall that for metals 𝑅𝑅𝑒𝑒[𝜀𝜀] < 0 and for dielectrics 𝑅𝑅𝑒𝑒[𝜀𝜀] > 0. 
For a metal/metal interface, 𝑅𝑅𝑒𝑒[𝜀𝜀1] < 0 and 𝑅𝑅𝑒𝑒[𝜀𝜀2] < 0, so that 𝜃𝜃1,𝜃𝜃2  ∈ [𝜋𝜋 2⁄ ,𝜋𝜋]. We assume 
without loss of generality that 𝜃𝜃1 ≤ 𝜃𝜃12 ≤ 𝜃𝜃2. With some manipulations we get:    0 ≤ 𝜃𝜃1 −
𝜃𝜃12 2⁄ ≤ 𝜋𝜋 2⁄  and 𝜋𝜋 4⁄ ≤ 𝜃𝜃2 − 𝜃𝜃12 2⁄ ≤ 3𝜋𝜋 4⁄ . It follows that Eq. 2.24 cannot be satisfied and 
surface modes cannot exist at the interface between two metals. 
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More complicated manipulations can show that for complex dielectric constants, a surface 
mode can exist at the interface between a metal and a dielectric or between two dielectrics 
(we need to have at least one doped dielectric). 
 

2.1.3  SPPs in a three-layer system 
We will consider now a three-layer system as depicted in Figure 2.3. 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Schematic diagram of a three-layer system consisting of a thin layer I  

       sandwiched between two infinite half spaces II and III. 
 
 
Using Eq. 2.13 we can describe TM modes that are non-oscillatory in the z-direction normal 
to the interfaces. For 𝑧𝑧 > 𝑎𝑎, the field components are: 
 

𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝐴𝐴𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖3𝑧𝑧 

𝐸𝐸𝑒𝑒(𝑧𝑧) = 𝐴𝐴
𝑖𝑖𝑘𝑘3
𝜔𝜔𝜀𝜀0𝜀𝜀3

 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖3𝑧𝑧 

𝐸𝐸𝑧𝑧(𝑧𝑧) = −𝐴𝐴
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀3
 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖3𝑧𝑧                                            (2.26) 

and for 𝑧𝑧 < −𝑎𝑎 we get: 

𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝐵𝐵𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖2𝑧𝑧 

𝐸𝐸𝑒𝑒(𝑧𝑧) = −𝐵𝐵
𝑖𝑖𝑘𝑘2
𝜔𝜔𝜀𝜀0𝜀𝜀2

 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖2𝑧𝑧 

𝐸𝐸𝑧𝑧(𝑧𝑧) = −𝐵𝐵
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀2
 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖2𝑧𝑧                                              (2.27) 

 
Thus, we demand that the fields decay exponentially in regions (II) and (III). 
 
In the region −𝑎𝑎 < 𝑧𝑧 < 𝑎𝑎, the modes localized at the bottom and top interface couple, 
yielding 

𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝐶𝐶𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖1𝑧𝑧 + 𝐷𝐷𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖1𝑧𝑧 

𝑎𝑎 x 

z 

II 

III 
I 

−𝑎𝑎 
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𝐸𝐸𝑒𝑒(𝑧𝑧) = −𝐶𝐶
𝑖𝑖𝑘𝑘1
𝜔𝜔𝜀𝜀0𝜀𝜀1

 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖1𝑧𝑧 + 𝐷𝐷
𝑖𝑖𝑘𝑘1
𝜔𝜔𝜀𝜀0𝜀𝜀1

 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖1𝑧𝑧 

𝐸𝐸𝑧𝑧(𝑧𝑧) = 𝐶𝐶
𝑘𝑘

𝜔𝜔𝜀𝜀0𝜀𝜀1
 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖1𝑧𝑧 + 𝐷𝐷

𝑘𝑘
𝜔𝜔𝜀𝜀0𝜀𝜀1

 𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒−𝑖𝑖1𝑧𝑧                             (2.28) 

 
The requirement of continuity of 𝐻𝐻𝑦𝑦 and 𝐸𝐸𝑒𝑒 leads to 

𝐴𝐴𝑒𝑒−𝑖𝑖3𝑎𝑎 = 𝐶𝐶𝑒𝑒𝑖𝑖1𝑎𝑎 + 𝐷𝐷𝑒𝑒−𝑖𝑖1𝑎𝑎 

𝐴𝐴
𝑘𝑘3
𝜀𝜀3

 𝑒𝑒−𝑖𝑖3𝑎𝑎 = −𝐶𝐶
𝑘𝑘1
𝜀𝜀1

 𝑒𝑒𝑖𝑖1𝑎𝑎 + 𝐷𝐷
𝑘𝑘1
𝜀𝜀1

 𝑒𝑒−𝑖𝑖1𝑎𝑎                                   (2.29) 

at 𝑧𝑧 = 𝑎𝑎 and 
𝐵𝐵𝑒𝑒−𝑖𝑖2𝑎𝑎 = 𝐶𝐶𝑒𝑒−𝑖𝑖1𝑎𝑎 + 𝐷𝐷𝑒𝑒𝑖𝑖1𝑎𝑎 

𝐵𝐵
𝑘𝑘2
𝜀𝜀2

 𝑒𝑒−𝑖𝑖2𝑎𝑎 = −𝐶𝐶
𝑘𝑘1
𝜀𝜀1

 𝑒𝑒−𝑖𝑖1𝑎𝑎 + 𝐷𝐷
𝑘𝑘1
𝜀𝜀1

 𝑒𝑒𝑖𝑖1𝑎𝑎                                  (2.30) 

at 𝑧𝑧 = −𝑎𝑎. 
 
𝐻𝐻𝑦𝑦 further has to fulfill the wave equation in the three distinct regions, via 

𝑘𝑘𝑖𝑖2 = 𝑘𝑘2 − 𝑘𝑘02𝜀𝜀𝑖𝑖 
for  𝑖𝑖 = 1,2,3. Solving this system of linear equations results in an implicit expression for the 
dispersion relation linking 𝑘𝑘 and ω via 

𝑒𝑒−4𝑖𝑖1𝑎𝑎 =
𝑘𝑘1 𝜀𝜀1⁄ + 𝑘𝑘2 𝜀𝜀2⁄
𝑘𝑘1 𝜀𝜀1⁄ − 𝑘𝑘2 𝜀𝜀2⁄  

𝑘𝑘1 𝜀𝜀1⁄ + 𝑘𝑘3 𝜀𝜀3⁄
𝑘𝑘1 𝜀𝜀1⁄ − 𝑘𝑘3 𝜀𝜀3⁄                                  (2.31) 

 
In the following, we will consider surface plasmon polaritons (SPPs) in the case of an 
air/metal interface to highlight the coupling with the charge oscillations of the electron 
plasma in the metal. 
 

2.1.4  Drude model 
We will now discuss the physical nature of SPPs. For a surface wave to exist, we need a 
metal (or a doped dielectric). Free carriers have a major contribution to the optical response 
of metals. This response can be described using a simple model called the Drude model, which 
is valid for a wide range of frequencies. 
This approach treats the free charges in metals as a free electron gas of density n, and ignores 
the metallic lattice as a first approximation. This dense gas of charged particles is called 
plasma and we talk about a plasma of free electrons inside a metal. Oscillations of this plasma 
can propagate in the volume of the metal [36,37]. The quantum of excitation of these 
longitudinal oscillations of the charge density is called a volume plasmon [38]. 
The electrons oscillate in response to an applied electromagnetic field, and their motion is 
damped with a characteristic collision frequency 𝛾𝛾 = 1 𝜏𝜏⁄ . The time constant 𝜏𝜏 is known as 
the relaxation time of the free electron gas, which has a typical value on the order of 10−14𝑠𝑠 
at room temperature. 
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We consider an electron of the plasma, with charge -e and effective mass m, placed in a 
uniform electric field along the x direction, 𝐄𝐄(𝐫𝐫, 𝐞𝐞) = 𝐸𝐸(𝜕𝜕)𝒆𝒆𝑒𝑒. According to classical mechanics, 
the position 𝑥𝑥(𝜕𝜕) satisfies the following equation: 
 

𝑚𝑚
𝑑𝑑2𝑥𝑥
𝑑𝑑𝜕𝜕2

+ 𝑚𝑚𝛾𝛾
𝑑𝑑𝑥𝑥
𝑑𝑑𝜕𝜕

= −𝑒𝑒𝐸𝐸                                                     (2.32) 

 
If we assume a harmonic time-dependent field 𝐸𝐸(𝜕𝜕) = 𝐸𝐸0𝑒𝑒−𝑖𝑖𝑖𝑖𝑒𝑒, a particular solution of Eq. 
2.32 is 𝑥𝑥(𝜕𝜕) = 𝑥𝑥0𝑒𝑒−𝑖𝑖𝑖𝑖𝑒𝑒 which describes the oscillation of the electron. Eq. 2.32 can be 
rewritten: 

−𝑚𝑚𝜔𝜔2𝑥𝑥0 − 𝑖𝑖𝑚𝑚𝛾𝛾𝜔𝜔𝑥𝑥0 = −𝑒𝑒𝐸𝐸0                                             (2.33) 
 
Therefore, we get the position of the electron: 
 

𝑥𝑥0 =
𝑒𝑒

𝑚𝑚(𝜔𝜔2 + 𝑖𝑖𝛾𝛾𝜔𝜔)
𝐸𝐸0                                                    (2.34) 

 
The polarization vector 𝐏𝐏 = 𝑃𝑃𝒆𝒆𝑒𝑒 is given by 𝑃𝑃 = −𝑒𝑒𝑒𝑒𝑥𝑥 where 𝑒𝑒 = 𝑛𝑛𝑛𝑛 is the number of 
electrons in a volume unit. Inserting this expression into equation 2.5 gives the x component 
of the electric displacement vector D, 

𝐷𝐷 = 𝜀𝜀0 �1 −
𝑒𝑒𝑒𝑒2 𝜀𝜀0⁄

𝑚𝑚(𝜔𝜔2 + 𝑖𝑖𝛾𝛾𝜔𝜔)�𝐸𝐸0                                   (2.35) 

The metal-dielectric function is then: 

𝜀𝜀(𝜔𝜔) = 1−
𝑒𝑒𝑒𝑒2 𝜀𝜀0⁄

𝑚𝑚(𝜔𝜔2 + 𝑖𝑖𝛾𝛾𝜔𝜔)                                          (2.36) 

 
Which can be expressed in the Drude form as: 

𝜀𝜀(𝜔𝜔) = 1 −
𝜔𝜔𝑝𝑝2

𝜔𝜔2 + 𝑖𝑖𝛾𝛾𝜔𝜔
                                                 (2.37) 

 
With 𝜔𝜔𝑝𝑝 = (𝑒𝑒𝑒𝑒2 𝑚𝑚𝜀𝜀0⁄ )1/2 the plasma frequency of the metal. 
The real and imaginary parts of this complex dielectric function are: 

𝜀𝜀𝑅𝑅(𝜔𝜔) = 1 −
𝜔𝜔𝑝𝑝2𝜏𝜏

1 + 𝜔𝜔2𝜏𝜏2
                                                (2.38) 

 

𝜀𝜀𝐼𝐼(𝜔𝜔) =
𝜔𝜔𝑝𝑝2𝜏𝜏

𝜔𝜔(1 + 𝜔𝜔2𝜏𝜏2)                                                 (2.39) 

 
From Eq. 2.37 we observe that for large frequencies 𝜔𝜔 ≈ 𝜔𝜔𝑝𝑝and 𝜔𝜔 > 𝜔𝜔𝑝𝑝 the imaginary part 
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of the dielectric function vanishes leading to a negligible damping. The metal becomes 
transparent and the dielectric function is predominantly real and positive. 
For frequencies smaller than 𝜔𝜔𝑝𝑝 the metal absorbs light and if we have a dielectric medium 
at the interface, we get light reflection at the metal surface. In this case, light can propagate 
along the metal surface, thanks to the coupling with the electron plasma [39]. The new modes 
arising from the coupling between light photons and plasma oscillations are called surface 
plasmon polaritons [40]. 
 
Figure 2.4 shows the charge distribution compared to the field lines of the electric field for 
an SPP at a metal/dielectric interface. 
 

 
Figure 2.4: Electric field lines (green) and charge distributions associated with an SPP 

        propagating on a metal/dielectric interface (Image adapted from reference [41]). 
 
 

Metal 𝛚𝛚𝐩𝐩 𝛌𝛌𝐩𝐩 = 𝟐𝟐𝟐𝟐𝟐𝟐 𝛚𝛚𝐩𝐩⁄  𝛄𝛄 𝛕𝛕 = 𝟏𝟏 𝛄𝛄⁄  
Au 9.03 eV 137 nm 176mev 24.7 fs 

Ag 9.01 eV 138 nm 113mev 36.6 fs 

Cu 7.39 eV 168 nm 57mev 72.5 fs 

Al 14.75 eV 84 nm 514mev 8 fs 

W 6.41 eV 193 nm 380mev 10.9 fs 

Pd 5.46 eV 227 nm 97meV 42.7 fs 

 
Table 2.1: Drude parameters for gold, silver, copper, aluminium, tungsten, and palladium 
                taken from Ordal et al. [42]. 
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It is commonly accepted that Drude model parameters can be taken from tabulated 
handbooks [42, 43]. In Tab.2.1 we report the parameters of the Drude model for different 
materials [42]. 
 

2.1.5 SPPs properties 
In this subsection, we will plot the dispersion relation of surface plasmon polaritons. Then 
we will present and discuss four characteristic length scales of SPPs. The presentation of 
these properties is essential to studying the strong coupling between surface plasmon 
polaritons and molecular excitations in organic materials. 
 
Dispersion relation with Drude model 
From the previous calculations, we know the surface plasmon polariton wave vector 𝑘𝑘. This 
one is complex. However, to define the dispersion of the SPP, only the propagative part is 
important, i.e. the real part. From the relation (2.18), we can plot the frequency ω of the 
surface plasmon polariton as a function of the wave vector k. Figure 2.5 shows the dispersion 
relation of an SPP propagating at the interface silver/dielectric medium with index 𝑛𝑛𝑑𝑑. Due 
to their bound nature, SPP excitations lie to the right of their respective light line (dispersion 
relation of the light in the dielectric medium of optical index 𝑛𝑛𝑑𝑑 forming the interface with 
the metal) of equation 𝜔𝜔 = 𝑘𝑘𝑐𝑐 𝑛𝑛𝑑𝑑⁄ . 
- For small wave vectors, corresponding to low frequencies up to the mid-infrared, the 
dispersion relation of the SPP is very close to the material light line and the surface wave is 
weakly confined. The dispersion relation of the surface plasmon polariton then moves away 
when the wave vector increases. 
- For large wave vectors, 𝜔𝜔 approaches the surface plasmon frequency: 

𝜔𝜔𝑠𝑠𝑝𝑝 =
𝜔𝜔𝑝𝑝

�1 + 𝜀𝜀𝑑𝑑
                                                                 (2.40) 

 
that follows from Eq. 2.18 and Eq. 2.37. 
The dispersion relation has a horizontal asymptote. The SPP, therefore, exists for a frequency 
𝜔𝜔 less than 𝜔𝜔𝑠𝑠𝑝𝑝. 
 
In the case of damping in the metal i.e., when we have a non-zero collision frequency 𝛾𝛾 ≠ 0 
in the Drude model, the dielectric function 𝜀𝜀𝑚𝑚 becomes complex and so does 𝑘𝑘. The electron 
oscillations will be attenuated along the propagation direction because the energy is gradually 
dissipated via heating of the metal. This dissipation is characterized by a decay length (𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆). 
For frequencies approaching 𝜔𝜔𝑠𝑠𝑝𝑝, we get a maximum SPP wave vector 𝑘𝑘. This value imposes 
a lower bound in the surface plasmon wavelength 𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 = 2𝜋𝜋 𝑅𝑅𝑒𝑒[𝑘𝑘]⁄  and also a limit in the 
perpendicular confinement to the interface. 



2  Fundamentals 

16 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Dispersion relation of a surface plasmon polariton propagating between silver 

and a dielectric medium of index 𝑛𝑛𝑑𝑑. The dashed horizontal line corresponds 
to the surface plasmon frequency 𝜔𝜔𝑠𝑠𝑝𝑝. The line corresponding to 𝜔𝜔 = 𝑘𝑘𝑐𝑐 𝑛𝑛𝑑𝑑⁄  is 
the light line in the medium of index 𝑛𝑛𝑑𝑑. 

 
 
The surface plasmon polariton dispersion curve is always below that of the light in the 
corresponding medium. For given energy (frequency) the wave vector of the SPP is always 
larger than that of the light. Imagine then an incident light wave coming from the dielectric 
medium, directly onto the surface of the metallic medium, the projection of its wave vector 
will always be smaller than the wave vector of the surface plasmon polariton. This forbids 
any coupling between the radiative light and the SPP; as a result, the SPP is called a non-
radiative wave. There are several techniques by which the difference between the two wave 
vectors can be bridged. The first is the use of a prism to increase the wave vector of incident 
light by using a medium of high index [44, 45]. The second uses coupling with periodic 
modulation of the metal surface, i.e. coupling with a metal grating [46]. The third uses surface 
defects, such as a pad or a nanometric hole, to excite localized surface plasmon [47, 48]. 
 
Length scales 
We describe now in more detail four characteristic lengths of SPPs: the field penetration in 
the metal (𝛿𝛿𝑚𝑚), the field penetration in the dielectric (𝛿𝛿𝑑𝑑), the wavelength (𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆), and the 
propagation distance (𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆). These different length scales are indicated schematically in 
Figure 2.6 as they span several orders of magnitude. 
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Figure 2.6: The different length scales of importance for SPPs in the visible and near- 
        infrared indicated on a logarithmic scale. (Image adapted from reference [49]) 

 
 
The penetration of the field in both media is characterized by the quantities 𝛿𝛿𝑚𝑚 and 𝛿𝛿𝑑𝑑. 
𝛿𝛿𝑚𝑚 is the penetration depth of the fields in the metal. It is linked to 𝑘𝑘1 (Eq. 2.16) as follows  

𝛿𝛿𝑚𝑚 =
1

𝑅𝑅𝑒𝑒[𝑘𝑘1]
                                                             (2.41) 

 
𝛿𝛿𝑑𝑑 is the penetration depths of the fields in the dielectric. It is linked to 𝑘𝑘2 (Eq. 2.16) as 
follows  

𝛿𝛿𝑑𝑑 =
1

𝑅𝑅𝑒𝑒[𝑘𝑘2]
                                                             (2.42) 

 
Writing the complex relative permittivity of the metal as 𝜀𝜀1 = 𝜀𝜀1′ + 𝜀𝜀1′′, with 𝜀𝜀1′  the real part 
of the relative permittivity of the metal, and 𝜀𝜀1′′ its imaginary part, then combining Eq. 2.41, 
Eq. 2.42 and Eq. 2.18 we obtain for 𝛿𝛿𝑚𝑚 and 𝛿𝛿𝑑𝑑: 

𝛿𝛿𝑚𝑚 =
1
𝑘𝑘0
�
𝜀𝜀1′ + 𝜀𝜀2
𝜀𝜀1′
2 �

1/2

                                                          (2.43) 

𝛿𝛿𝑑𝑑 =
1
𝑘𝑘0
�
𝜀𝜀1′ + 𝜀𝜀2
𝜀𝜀22

�
1/2

                                                          (2.44) 

 
For a silver/air interface, 𝛿𝛿𝑎𝑎𝑖𝑖𝑎𝑎 ≈ 44 µm and 𝛿𝛿𝐴𝐴𝐴𝐴 ≈ 21 nm for 𝜆𝜆0= 6µm. In the case of a 
silver/Polymer interface, 𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝 ≈ 17 µm and 𝛿𝛿𝐴𝐴𝐴𝐴 ≈ 21 nm for the same wavelength. These 
quantities also define the depth at which SPPs are likely to interact with the dielectric layer. 
In addition, the surface plasmon polariton dispersion relation will be very sensitive to the 
refractive index changes over the distance corresponding to the penetration depth, and 
therefore to the presence and thickness of a dielectric layer on the surface of the metal. 
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𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 is the SPP wavelength introduced in Eq. 2.20,  
 

𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 =
2𝜋𝜋

𝑅𝑅𝑒𝑒[𝑘𝑘]
                                                           (2.45) 

 
Combining Eq. 2.45 with Eq. 2.18 and considering a complex relative permittivity of the 
metal, we get the normalized SPP wavelength 𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆/𝜆𝜆0: 
 

𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆
𝜆𝜆0

 = �
𝜀𝜀1′ + 𝜀𝜀2
𝜀𝜀1′ 𝜀𝜀2

                                                           (2.46) 

 
In Figure 2.7, we plot the energy dependence of 𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆/𝜆𝜆0 for an Ag/Air interface and an 
Ag/Dielectric interface, with a permittivity 𝜀𝜀𝑑𝑑 = 2.5. At mid-infrared wavelengths, the 𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 
is slightly shorter than the vacuum wavelength. For instance, at a silver/air interface 
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆=5.99 µm, for 𝜆𝜆0=6 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Calculated energy dependence of 𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆/𝜆𝜆0 for an Ag/Air interface and an      
              Ag/Dielectric interface with a permittivity 𝜀𝜀𝑑𝑑 = 2.5. 
 
 
𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 is the SPP propagation length. While propagating along the interface, the SPP intensity 
decreases and 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 is the propagation distance where the intensity is damped by 1/e. 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 is 
given by: 

𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 =
1

2𝐼𝐼𝑚𝑚[𝑘𝑘]
                                                         (2.47) 
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Combining Eq. 2.47 with Eq. 2.18 and considering a complex relative permittivity of the 
metal, we get 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆: 

𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜆𝜆0
𝜀𝜀1′
2

2𝜋𝜋𝜀𝜀1′′
�
𝜀𝜀1′ + 𝜀𝜀2
𝜀𝜀1′𝜀𝜀2

�
3/2

                                              (2.48) 

 
For mid-infrared wavelengths, 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 values are of the order of a few millimeters. 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 for a 
silver/air interface is a lot larger than 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 for a silver/dielectric interface. This demonstrates 
how strongly the propagation losses depend on the refractive index of the dielectric [50]. 
Surface roughness plays an important role in electronic damping and radiation losses, which 
can affect the propagation length. Producing extremely smooth surfaces can hence increase 
the propagation length and decrease the losses. Such metal surfaces can be obtained using 
epitaxial growth [51]. Plasmonic losses also arise from large electron densities. A promising 
approach would be to reduce the electron density in metals or increase it in semiconductors 
[52]. 
 
 

2.2  Strong coupling fundamentals 
 
We will now introduce the basic theory of strong coupling. The review article by Törmä and 
Barnes served here as a starting reference [53]. 
Let us consider a multilayer structure that consists of a metal and a dielectric layer containing 
molecules with a well-defined optical absorption at a fixed frequency 𝜔𝜔0. We consider the 
case when the absorption is due to a vibration which is described as a classical Lorentzian 
oscillator, i.e. that it can be described by the dynamics of an electron. This simple description 
takes only into account classical electrodynamics. 
Consider an electron of charge 𝑒𝑒 and mass 𝑚𝑚 as a harmonically bound, damped oscillator 
that is driven by a harmonic force created by an electromagnetic (EM) field 𝐸𝐸(𝑟𝑟, 𝜕𝜕), and is 
consequently displaced by a distance 𝑟𝑟 from its equilibrium position. The equation of motion 
of the electron under the force of the field is: 
 

m
𝑑𝑑2𝑟𝑟
𝑑𝑑𝜕𝜕2

+ m2γ
𝑑𝑑𝑟𝑟
𝑑𝑑𝜕𝜕

+ 𝜔𝜔0
2mr =  −𝑒𝑒𝐸𝐸(𝑟𝑟, 𝜕𝜕)                                                   (2.49) 

 
where 𝜔𝜔0 is the frequency of the harmonic oscillator and γ represents the energy dissipated 
in the system due to the damping force. 
 
Since the electron movement is small compared to the wavelength of the EM field, we assume 
that the EM field is constant in 𝑟𝑟. In addition, we suppose that it varies harmonically with 
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time, i.e. 𝐸𝐸(𝑟𝑟, 𝜕𝜕) = 𝐸𝐸0𝑒𝑒−𝑖𝑖𝑖𝑖𝑒𝑒, where 𝜔𝜔 is the frequency of the field. As the motion of the electron 
follows the same harmonic time dependence as the driving field force, Eq. 2.49 becomes: 
 

m(−𝜔𝜔2 − 2𝑖𝑖𝜔𝜔γ + 𝜔𝜔0
2)r =  −𝑒𝑒𝐸𝐸                                                             (2.50) 

 
Considering a set of 𝑒𝑒 dipole moments, i.e. a set of 𝑒𝑒 electrons in interaction with the field. 
The resulting macroscopic polarization density 𝑃𝑃 of the medium in a unit volume 𝑛𝑛 [54] is 
given by: 

𝑃𝑃 =  −
𝑒𝑒
𝑛𝑛
𝑒𝑒𝑟𝑟                                                                    (2.51) 

Substituting Eq. 2.50 in Eq. 2.51 will give: 

𝑃𝑃 =  
𝑒𝑒𝑒𝑒2

𝑚𝑚𝑛𝑛
1

(𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔γ)
𝐸𝐸                                                       (2.52) 

 
However, the macroscopic polarization is defined as: 

𝑃𝑃 =  𝜀𝜀0𝜒𝜒𝐸𝐸                                                                      (2.53) 
 
where 𝜀𝜀0 is the vacuum permittivity and 𝜒𝜒 is the electric susceptibility. Thus we obtain: 
 

𝜒𝜒(𝜔𝜔) =  
𝐴𝐴

(𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔γ)
                                                         (2.54) 

 

Where we denoted 𝐴𝐴 =  𝑁𝑁𝑒𝑒2

𝑚𝑚𝜀𝜀0𝑉𝑉
. The permittivity of the medium is associated with the 

susceptibility by: 
𝜀𝜀(𝜔𝜔) =  1 + 𝜒𝜒(𝜔𝜔)                                                             (2.55) 

 
Considering 𝜀𝜀′ and 𝜀𝜀′′ the real and imaginary parts of 𝜀𝜀, 𝑛𝑛 and 𝜅𝜅 the real and imaginary 
parts of the refractive index respectively, we have the following relations: 
 

𝜀𝜀′ =  𝑛𝑛2 − 𝜅𝜅2                                                              (2.56) 
𝜀𝜀′′ =  2𝑛𝑛𝜅𝜅                                                                     (2.57) 

 
The SPP dispersion, as extracted in section 2.1.2, is given by: 

𝑘𝑘 =
𝜔𝜔
𝑐𝑐 �

𝜀𝜀1 𝜀𝜀2 
𝜀𝜀1 + 𝜀𝜀2 

                                                          (2.58) 

Let us consider the following assumptions: the metal dielectric function 𝜀𝜀1is constant. This 
is true near resonance, i.e. around the oscillator frequency 𝜔𝜔0. Furthermore, 𝜀𝜀1 is typically 
negative for metals and rather large in absolute value. We then assume that 𝜀𝜀1 + 𝜀𝜀2 stays 
always negative. With such considerations, the dispersion can be expressed as: 

𝑘𝑘2 =
𝜔𝜔2

𝑐𝑐2
|𝜀𝜀1|

 |𝜀𝜀1 + 𝜀𝜀2| (1 + 𝜒𝜒(𝜔𝜔))                                            (2.59) 
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We then scale the momentum to: 

𝜅𝜅2 = 𝑘𝑘2
|𝜀𝜀1 + 𝜀𝜀2|𝑐𝑐2

 |𝜀𝜀1|                                                     (2.60) 

And we obtain: 

𝜅𝜅2 = 𝜔𝜔2(1 +
𝐴𝐴

𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔γ
)                                           (2.61) 

 
By applying simple rearrangements, Eq. 2.61 can be written in the following form: 
 

(𝜅𝜅 − 𝜔𝜔)(𝜅𝜅 + 𝜔𝜔)
𝜔𝜔2 =

𝐴𝐴
(𝜔𝜔0 − 𝜔𝜔)(𝜔𝜔0 + 𝜔𝜔) − 2𝑖𝑖𝜔𝜔γ

                                           (2.62) 

 
By applying the approximations (𝜅𝜅 + 𝜔𝜔)~2𝜔𝜔0, (𝜔𝜔0 + 𝜔𝜔)~2𝜔𝜔0 and 𝜔𝜔~𝜔𝜔0, Eq. 2.62 becomes: 

(𝜅𝜅 − 𝜔𝜔)(𝜔𝜔0 − 𝜔𝜔 − 2𝑖𝑖γ) =
𝐴𝐴
4

                                                (2.63) 

This equation has two solutions: 

𝜔𝜔± =
𝜅𝜅
2

+
𝜔𝜔0

2
− 𝑖𝑖

γ
2

±
1
2
�𝐴𝐴 + (𝜅𝜅 − 𝜔𝜔0 + 𝑖𝑖γ)2                                (2.64) 

 
The two solutions 𝜔𝜔+ and 𝜔𝜔− are called the normal modes of the system, and at resonance: 
 

𝜔𝜔± = 𝜔𝜔0 − 𝑖𝑖
γ
2

±
1
2
�𝐴𝐴 − γ2                                              (2.65) 

 
The above results neglect the dissipation of the SPP. We can take into account the SPP 
losses by replacing 𝜅𝜅 with 𝜅𝜅 − 𝑖𝑖γ𝑆𝑆𝑆𝑆𝑆𝑆. Eq. 2.65 is then: 
 

𝜔𝜔± = 𝜔𝜔0 − 𝑖𝑖
γ
2
− 𝑖𝑖

γ𝑆𝑆𝑆𝑆𝑆𝑆
2

±
1
2
�𝐴𝐴 − (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2                               (2.66) 

 
The SPP and the molecular excitation are no longer the proper eigenstates of the system. 
Instead new hybrid excitations, called polaritons, arise. These states have different 
frequencies than the original excitation, called upper and lower polaritons for the larger and 
smaller energies respectively. 
The energy difference between the normal modes 𝜔𝜔+ and 𝜔𝜔− at resonance, known as the 
vacuum Rabi splitting or normal mode splitting, is given by: 
 

Ω𝑅𝑅 = �𝐴𝐴 − (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2                                                   (2.67) 
 
Eq. 2.67 requires that 𝐴𝐴 > (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2 to keep the term in the square root positive. 
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If 𝐴𝐴 < (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2, the system is in the week coupling regime and only the dissipation is 
modified. Ω𝑅𝑅 is maximum when γ~γ𝑆𝑆𝑆𝑆𝑆𝑆 or if we neglect the damping forces, and is expressed 
as: 

Ω𝑅𝑅 = √𝐴𝐴 = �
𝑒𝑒𝑒𝑒2

𝑚𝑚𝜀𝜀0𝑛𝑛
                                                          (2.68) 

Eq. 2.68 shows a direct correlation between the Rabi splitting and the concentration 𝑁𝑁
𝑉𝑉
 of 

coupled molecules. This correlation will be experimentally studied in Chapter 5. The Rabi 
splitting reflects the strength of the coupling: the stronger the coupling, the higher the Rabi 
splitting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Black lines: the dispersion of an SPP—molecular excitation system as given by 
                 Eq. 2.61. Red lines: the dispersion of the free system (SPP and excitation) that 
                 is, Eq. 2.61 for A = 0. The black lines turning from solid to dashed reminds 
                 that, in case of finite damping, the nearly flat modes cease to be well defined 
                 further away from the crossing point. The parameter A was taken as 𝜔𝜔0

2 here 
                 (Image and caption adapted from reference [53]). 
 
 
The exact solutions of Eq. 2.61 are presented in Figure 2.8 plotting the dispersion of the 
normal modes 𝜔𝜔± as a function of photon energy tuning and assuming that there are no 
losses in the system. We see that the coupling produces an avoided crossing in the energy 
levels. Far from resonance, the coupled system behaves like the free system. The new normal 
modes tend asymptotically towards the bare matter and optical modes represented by the 
horizontal and slope dotted line. However, near resonance, the coupling changes the energy 
levels so that they no longer cross. This behavior is referred to as an “anti-crossing” and is a 
typical experimental proof of the strong coupling regime. The splitting or “anti-crossing” is 
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observable in the experiment if it is larger than the spectral width of the new modes. From 
Eq. 2.66. we have to understand the normal modes as damped modes with linewidths 
characterized by γ + γ𝑆𝑆𝑆𝑆𝑆𝑆. This gives the experimental condition for the strong coupling 
regime. 
 

2.3  Transfer-matrix method (TRMA) 
 
This section is devoted to the presentation of the calculation technique that we used to 
perform numerical modelling of the experimental transmission, reflection and attenuated-
total-reflection (ATR) spectra. The purpose of TRMA is to model a multilayered system 
using transfer matrices and get the transmission and reflection coefficients of the stack. The 
presented calculations are adapted from reference [35]. 
 
In a stratified medium, the properties are constant on each plane perpendicular to the z 
direction. We will consider throughout this paragraph a TM polarized wave propagating in 
a stratified medium, i.e. a linearly polarized wave whose magnetic field is perpendicular to 
the plane of incidence, as described in Figure. 2.9. 

 
Figure 2.9: stratified medium considered for the calculations. Components of the 

       electromagnetic fields for a TM polarized wave are represented. 
 
 
This wave propagates in the (𝑧𝑧𝑧𝑧𝑦𝑦) plane of the figure, the components of the fields depend 
only on 𝑧𝑧 and 𝑦𝑦, and time t. The electromagnetic fields 𝐄𝐄 and 𝐇𝐇 are expressed as: 
 

𝐇𝐇 = 𝐻𝐻𝑒𝑒(𝑦𝑦, 𝑧𝑧, 𝜕𝜕)𝐞𝐞𝐞𝐞 
 

𝐄𝐄 = 𝐸𝐸𝑦𝑦(𝑦𝑦, 𝑧𝑧, 𝜕𝜕)𝐞𝐞𝐲𝐲 + 𝐸𝐸𝑧𝑧(𝑦𝑦, 𝑧𝑧, 𝜕𝜕)𝐞𝐞𝐳𝐳                                              (2.69) 
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The system is therefore defined by three components 𝐻𝐻𝑒𝑒, 𝐸𝐸𝑦𝑦 and 𝐸𝐸𝑧𝑧 depending on 𝑦𝑦, 𝑧𝑧 and 
𝜕𝜕. These three components are related to each other by Maxwell equations. Hence so knowing 
two of these components will suffice to define the system. Two components have to be chosen. 
When passing an interface between two dielectric media, the components that are conserved 
are the tangential components of the electric and magnetic fields. The interfaces of the layers 
are in the (𝑥𝑥𝑧𝑧𝑦𝑦) plane and we choose the components that will be continuous when passing 
the interfaces, i.e. 𝐻𝐻𝑒𝑒 and 𝐸𝐸𝑦𝑦. 
 
These components can be written in a translation-invariant medium in the 𝑦𝑦 direction in the 
form: 

𝐻𝐻𝑒𝑒 = 𝑈𝑈(𝑧𝑧)𝑒𝑒𝑖𝑖(𝑖𝑖0𝛼𝛼𝑦𝑦−𝑖𝑖𝑒𝑒) 
 

𝐸𝐸𝑦𝑦 = 𝑛𝑛(𝑧𝑧)𝑒𝑒𝑖𝑖(𝑖𝑖0𝛼𝛼𝑦𝑦−𝑖𝑖𝑒𝑒)                                                              (2.70) 
 
with 𝑘𝑘0𝛼𝛼 = 𝑘𝑘0𝑛𝑛(𝑧𝑧)sin (𝜃𝜃) and where 𝑈𝑈(𝑧𝑧) and 𝑛𝑛(𝑧𝑧) are functions of 𝑧𝑧 only, 𝑛𝑛(𝑧𝑧) is the 
refractive index of the medium, 𝜃𝜃 is the angle between the wave vector and the 𝑧𝑧 direction 
and 𝑘𝑘0 is the light wave vector in vacuum (𝑘𝑘0 = 2𝜋𝜋 𝜆𝜆0⁄ ). Let us now consider the case of a 
homogeneous and uniform dielectric film (𝜀𝜀, µ and 𝑛𝑛 are constants) having a thickness 𝑑𝑑. In 
this medium, the 𝐻𝐻𝑒𝑒 and 𝐸𝐸𝑦𝑦 components satisfy the propagation equation in the medium 
constituting the layer (with 𝐹𝐹 = 𝐻𝐻𝑒𝑒,𝐸𝐸𝑦𝑦). 
 

∇2𝐹𝐹 −
𝜀𝜀
𝑐𝑐2
𝜕𝜕2𝐹𝐹
𝜕𝜕𝜕𝜕2

= 0                                                           (2.71) 

 
We obtain after calculation the following relations for 𝑈𝑈(𝑧𝑧) and 𝑛𝑛(𝑧𝑧): 
 

𝑑𝑑2𝑈𝑈
𝑑𝑑𝑧𝑧2

 + 𝑘𝑘02(𝑛𝑛2 − 𝛼𝛼2)𝑈𝑈 = 0 

 
𝑑𝑑2𝑛𝑛
𝑑𝑑𝑧𝑧2

 + 𝑘𝑘02(𝑛𝑛2 − 𝛼𝛼2)𝑛𝑛 = 0                                                        (2.72) 

 
The different field components are linked by Maxwell’s equations, the components 𝑈𝑈 and 𝑛𝑛 
are linked to each other by the following two first-order coupled differential equations: 
 

𝑑𝑑𝑈𝑈
𝑑𝑑𝑧𝑧

= 𝑖𝑖𝑘𝑘0𝜀𝜀𝑛𝑛 

𝑑𝑑𝑛𝑛
𝑑𝑑𝑧𝑧

= 𝑖𝑖𝑘𝑘0(µ −
𝛼𝛼2

𝜀𝜀
)𝑈𝑈                                                     (2.73) 
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We get the solutions of the equation of propagation in the form: 

𝑈𝑈(𝑧𝑧) = 𝐴𝐴 cos �𝑘𝑘0�𝑛𝑛2 − 𝛼𝛼2𝑧𝑧� −
𝑖𝑖𝜀𝜀

√𝜀𝜀 − 𝛼𝛼2
𝐵𝐵 sin �𝑘𝑘0�𝑛𝑛2 − 𝛼𝛼2𝑧𝑧� 

 

𝑛𝑛(𝑧𝑧) = 𝐵𝐵 cos �𝑘𝑘0�𝑛𝑛2 − 𝛼𝛼2𝑧𝑧� − 𝑖𝑖
√𝜀𝜀 − 𝛼𝛼2

𝜀𝜀
𝐴𝐴 sin �𝑘𝑘0�𝑛𝑛2 − 𝛼𝛼2𝑧𝑧�                    (2.74) 

 
where 𝐴𝐴 and 𝐵𝐵 are integration constants. The components of the electric and magnetic fields 
are defined in 𝑧𝑧 = 0 as: 

𝑈𝑈(0) = 𝑈𝑈0  
𝑛𝑛(0) = 𝑛𝑛0                                                                     (2.75)   

 
By replacing 𝑧𝑧 with 0 in equation (2.74), we immediately obtain 𝐴𝐴 = 𝑈𝑈0 and 𝐵𝐵 = 𝑛𝑛0. We 
describe the electromagnetic field at a point 𝑧𝑧 by the vector 𝐐𝐐:  
 

𝐐𝐐(𝑧𝑧) = � 
𝑈𝑈(𝑧𝑧)

𝑛𝑛(𝑧𝑧)
 �                                                             (2.76) 

 
The equation (2.74) can be written in the following matrix form: 
 

𝐐𝐐 = 𝐌𝐌𝐐𝐐𝟎𝟎                                                                (2.77) 
where the vector 𝐐𝐐𝟎𝟎 is defined as: 

𝐐𝐐𝟎𝟎 = 𝐐𝐐(𝑧𝑧 = 0) = � 
𝑈𝑈0
𝑛𝑛0

 �                                                   (2.78) 

 
and where 𝐌𝐌 is a matrix which is defined in the case of a layer of thickness 𝑑𝑑 as: 

𝐌𝐌(𝑧𝑧 = 0) =

⎣
⎢
⎢
⎢
⎡
  

cos �
2𝜋𝜋𝑑𝑑
𝜆𝜆

�𝜀𝜀 − 𝛼𝛼2�
−𝑖𝑖𝜀𝜀

√𝜀𝜀 − 𝛼𝛼2
sin �

2𝜋𝜋𝑑𝑑
𝜆𝜆

�𝜀𝜀 − 𝛼𝛼2�

−𝑖𝑖√𝜀𝜀 − 𝛼𝛼2

𝜀𝜀
sin �

2𝜋𝜋𝑑𝑑
𝜆𝜆

�𝜀𝜀 − 𝛼𝛼2� cos �
2𝜋𝜋𝑑𝑑
𝜆𝜆

�𝜀𝜀 − 𝛼𝛼2�
  

⎦
⎥
⎥
⎥
⎤
            (2.79) 

with 𝜀𝜀 = 𝑛𝑛2. 
 
Let us now consider a system consisting of a stack of layers, shown schematically in Figure 
2.10. Each layer is characterized by a matrix 𝐌𝐌𝐢𝐢. We describe the field after the last layer N 
(characterized by the vector 𝐐𝐐) by multiplying the vector 𝐐𝐐𝟎𝟎 (describing the field at the 
interface before layer 1) by a matrix 𝐌𝐌𝐞𝐞𝐭𝐭𝐞𝐞 . This matrix is defined as the product of the 
matrices corresponding to each layer. The order of the different layers must be respected; we 
obtain for the schematic system in Figure 2.10: 

𝐌𝐌𝐞𝐞𝐭𝐭𝐞𝐞 = 𝐌𝐌𝐍𝐍 × 𝐌𝐌𝐍𝐍−𝟏𝟏 × … × 𝐌𝐌𝟐𝟐 × 𝐌𝐌𝟏𝟏                                       (2.80) 
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Figure 2.10: schematic illustration of a system of N layers surrounded by two dielectric 

       media. The arrow indicates the direction of light propagation. 
 
 
Moreover, the generalization of the Snell-Descartes law for a system consisting of a stack of 
layers, tells us that 𝛼𝛼 = 𝑛𝑛 sin (𝜃𝜃) is a constant in all the layers. So, we take for our calculations 
𝛼𝛼 = 𝑛𝑛𝑠𝑠 sin (𝜃𝜃𝑠𝑠) where 𝑛𝑛𝑠𝑠 is the index of the substrate and 𝜃𝜃𝑠𝑠 is the angle of incidence on the 
first layer inside the substrate. From these matrix calculations, we can obtain the reflection 
and transmission coefficients of a system consisting of several layers. 
 
Let us consider a stack of dielectric layers, modeled by a matrix 𝐌𝐌. The elements of this 
matrix will be noted 𝐌𝐌𝐢𝐢𝐢𝐢 where 𝑖𝑖 is the row and 𝑗𝑗 the column of the matrix. The system is 
surrounded by two dielectric media, Prism (𝜀𝜀𝑆𝑆, 𝜇𝜇𝑆𝑆) as incident medium and air (𝜀𝜀𝑎𝑎𝑖𝑖𝑎𝑎, 𝜇𝜇𝑎𝑎𝑖𝑖𝑎𝑎) 
after the stack of layers. This corresponds to our ATR experimental geometry. We can then 
calculate the reflection and transmission coefficients of the stack of layers. Let us now call 𝐼𝐼, 
𝑅𝑅 and 𝑇𝑇 the amplitudes of the incident, reflected and transmitted electrical field respectively. 
Using the same definitions for 𝑛𝑛 and 𝑛𝑛0 as in the previous paragraph, we have: 
 
                before the multilayer stack:         𝑛𝑛0 = 𝐼𝐼 + 𝑅𝑅    

  and after the multilayer stack:         𝑛𝑛(𝑧𝑧 = 𝑑𝑑) = 𝑇𝑇                                                         (2.81) 
 
From equations (2.73), derived from the Maxwell equations, and knowing the amplitudes of 
the electric field in the two adjacent media, we obtain the amplitudes of the magnetic field: 
 
                       before the multilayer stack:         𝑈𝑈0 = 𝑞𝑞𝑆𝑆(𝐼𝐼 − 𝑅𝑅)    

   and after the multilayer stack:         𝑈𝑈(𝑧𝑧 = 𝑑𝑑) = 𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎𝑇𝑇                                       (2.82) 
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with 

𝑞𝑞𝑆𝑆 =
�𝜀𝜀𝑆𝑆 + 𝜀𝜀𝑆𝑆  sin2(𝜃𝜃𝑆𝑆)

𝜀𝜀𝑆𝑆
 𝑎𝑎𝑛𝑛𝑑𝑑 𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎 =

�𝜀𝜀𝑎𝑎𝑖𝑖𝑎𝑎 + 𝜀𝜀𝑆𝑆 sin2(𝜃𝜃𝑆𝑆)
𝜀𝜀𝑎𝑎𝑖𝑖𝑎𝑎

                        (2.83) 

 
The quantities 𝑈𝑈0, 𝑛𝑛0, 𝑈𝑈 and 𝑛𝑛 (i.e. the vectors 𝐐𝐐 and 𝐐𝐐𝟎𝟎) are connected by the matrix 
relation (2.77). We can obtain, from this relation and relations (2.81) and (2.82), the 
coefficients of reflection 𝑟𝑟 and transmission 𝜕𝜕 of the film [55]: 
 

𝑟𝑟 =
𝑅𝑅
𝐼𝐼

=
(𝐌𝐌𝟏𝟏𝟏𝟏 + 𝐌𝐌𝟏𝟏𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)𝑞𝑞𝑆𝑆 − (𝐌𝐌𝟐𝟐𝟏𝟏 + 𝐌𝐌𝟐𝟐𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)
(𝐌𝐌𝟏𝟏𝟏𝟏 + 𝐌𝐌𝟏𝟏𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)𝑞𝑞𝑆𝑆 + (𝐌𝐌𝟐𝟐𝟏𝟏 + 𝐌𝐌𝟐𝟐𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)

 

 

𝜕𝜕 =
𝑇𝑇
𝐼𝐼

=
2𝑞𝑞𝑆𝑆

(𝐌𝐌𝟏𝟏𝟏𝟏 + 𝐌𝐌𝟏𝟏𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)𝑞𝑞𝑆𝑆 + (𝐌𝐌𝟐𝟐𝟏𝟏 + 𝐌𝐌𝟐𝟐𝟐𝟐𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎)
                                 (2.84) 

 
And we thus have access to the values of the reflectance R and the transmissivity T, which 
are the measurable quantities of the system. 

ℛ = |𝑟𝑟2|      𝒯𝒯 =
𝑞𝑞𝑎𝑎𝑖𝑖𝑎𝑎
𝑞𝑞𝑝𝑝

|𝜕𝜕2|                                                          (2.85) 
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3    Sample Fabrication and materials 
 
The observation of the interaction between surface plasmon polaritons and excitations in a 
polymer requires the realization of samples with precise dimensions and specific prerequisites 
since the surface plasmon polariton is very sensitive to the quality of the surfaces, the indices 
of the media, and the thickness of the dielectric layers. The control of the geometry of the 
samples is therefore a crucial point. This is why sample development has been a very 
important part of this work. All the samples were made in the laboratory, which was 
definitely an advantage. Indeed, the modification of the different parameters during the 
realization of the thin layers allowed us to adjust their optical properties to meet experimental 
requirements. 
We will present in the first part the different fabrication methods used to deposit the 
polymeric and metallic layers. The second part will be dedicated to the characterization 
techniques enabling us to verify the sample qualities and characterize their main properties. 
Finally, we will present in a third part the various materials used in this work. 
 
 

3.1  Sample preparation techniques 
Four preparation methods for the fabrication of thin inorganic and organic films are described 
in this section, namely molecular beam epitaxy, thermal evaporation for the inorganic films, 
spin coating, and Blade coating for the organic layers. 
 

3.1.1 Molecular beam epitaxy 
The semiconductor layers presented in this work are grown by molecular beam epitaxy 
(MBE) in a DCA-450 apparatus. MBE is a deposition technique of high-quality epitaxial thin 
films with precise control over thickness, alloy composition and intentional doping level [56-
59]. MBE has been used to grow a wide variety of materials, such as semiconductors, metals, 
oxides, nitrides and organic films. The deposition takes place under UHV conditions (the 
chamber background pressure reaches 10−8mbar). The required metals are provided from 
Knudsen effusion cells by thermal evaporation, and each cell can be closed or opened 
separately by a magnetically driven shutter. Oxygen is provided by a radio-frequency plasma 
source. The flux of atomic/molecular beams of the different elements can be controlled by 
mass flow controllers placed in front of the substrate. In addition, the growth process is 
monitored in situ by reflection high-energy electron diffraction (RHEED) which provides a 
direct investigation of layer quality and thickness. A molecular beam epitaxy setup is shown 
in Figure 3.1. 
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Figure 3.1: Schematic depiction of an MBE setup 

 
 
3.1.2 Vacuum thermal evaporation 
Vacuum thermal evaporation is the most basic technique to produce thin films of metals and 
a wide variety of other materials [60]. The evaporation source consists of a crucible containing 
the material to be deposited. It can be heated either by applying a voltage directly to different 
ends of the crucible or through using a tungsten filament surrounding it. Under a base 
pressure between 10−8 and 10−9mbar, the source emits a beam of evaporated molecules or 
atoms with an almost rectilinear trajectory. The samples as well as a quartz microbalance 
are placed on the beam path which allows us to follow in real-time the deposition rate and 
thus the deposited material thickness. 
 
3.1.3 Spin coating 
Polymer thin films are commonly produced by spin coating (or spin casting) which can 
produce uniform thin films with layer thicknesses ranging from a few nm to a few µm with 
a low coast production [61, 62]. It consists in coating the substrate surface with droplets of a 
solution, in which the material to be deposited is dissolved. The substrate is fixed, typically 
by vacuum, on top of the rotating chuck. The sample is then covered with the solution and 
is rotated at a constant speed (between 20 and 60 rounds per second). The centrifugal 
acceleration causes the solution to spread on the surface, and the excess is rapidly ejected 
from the substrate, leaving a thin film on the surface. The resulting layer thickness is defined 
by the choice of solvent, the concentration of the solution, and the rotation speed. Moreover, 
a clean substrate is necessary to guarantee an evenly deposited film layer. The spin coater 
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used here for sample fabrication was a Schaefer Technology GmbH SCI-20 with adjustable 
rotation speed.  
The different steps of spin coating are shown schematically in Figure 3.2. 
 

 
 
 
 
 
 

 
 
 
 

Figure 3.2: Schematic illustration of spin coating different steps. 
 
 

3.1.4 Blade coating 
Blade coating - also known as doctor blading or knife coating - is a popular method among 
the many techniques used to fabricate thin films from liquid or viscous solutions [63].  
The technique works by placing a sharp blade at a fixed distance from the substrate surface 
that needs to be covered. The coating solution is then placed in front of the blade and the 
blade is moved over the substrate removing excess solution and creating a wet film. The final 
thickness of the wet film can be controlled by adjusting the gap between the blade and the 
substrate, by varying the concentration of the solution and the speed of coating. A heater 
can also be used during the coating process to heat the substrate and speed the solvent 
evaporation. 

 
 
 
 
 
 
 
 
 
 

 

Figure 3.3: Schematic illustration of the blade coating technique. 
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Despite the simplicity of the technique, blade coating cannot reach the same levels of 
uniformity as spin coating or offer extreme thin films. In this work, this method will be used 
to fabricate polymers where the quality of the surface does not affect the properties which 
are of interest to us. 
 
 

3.2  Sample characterization techniques 
The technique of Fourier Transform Infrared spectroscopy (FTIR) was used to evaluate the 
optical properties of the samples by measuring their transmission and reflection spectra. 
Atomic force microscopy was used to characterize the thickness and morphology of the 
prepared films. Additionally, a four-point setup was used to check the resistivity of 
conductive films. 
 

3.2.1 FTIR spectroscopy 
Fourier transform infrared spectroscopy is an important technique allowing to measure the 
absorption, diffusion, or emission spectrum of a solid, a liquid, or gas. Moreover, it is widely 
used for the study of low and medium energy excitations such as vibrational and rotational 
excitations. As the name suggests, this spectroscopy technique exploits the concept of Fourier 
space/Fourier transform. It offers important advantages compared to dispersive spectroscopy 
methods such as quickly measured spectra with excellent resolution and good signal-to-noise 
ratio resulting in a greater sensitivity even for small absorptions. FTIR spectroscopy measures 
all of the infrared frequencies simultaneously using a Michelson interferometer that produces 
an interferogram containing all of the infrared frequencies encoded into it [64]. 
 
The interferometer (Figure 3.4) consists of a beam splitter, a fixed mirror F, and a moving 
mirror M whose movement is precisely controlled. To make a spectrometer, we place a light 
source and the emitted beam passes through an aperture and is then collimated and directed 
to the input port of the interferometer. A detector is placed at the output port. We place the 
sample in the beam path between the detector and the output port. 
The wave coming from the source is separated into four waves: 
1. The wave is reflected by the beam splitter, by the mirror F, again by the beam splitter, 
and then leaves through the input of the interferometer. 
2. The wave is reflected by the beam splitter, by the mirror F, transmitted by the beam 
splitter, and then goes to the detector. 
3. The wave is transmitted by the beam splitter, reflected by the mirror M and again by the 
beam splitter. It goes then to the detector. 
4. The wave is transmitted by the beam splitter, reflected by the mirror M, transmitted by 
the beam splitter, and then it leaves through the input of the interferometer. 
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Figure 3.4: Schematic diagram of the optical layout of a Michelson interferometer.  
 
 
The waves 1 and 4 redirected towards the source are unused and this fraction of the energy 
is lost. Waves 2 and 3 are recombined when they meet back at the beam splitter and interfere 
constructively or destructively according to the optical path difference which depends on the 
position of the moving mirror. The beam enters then the sample chamber where it is passed 
through or gets reflected by the sample surface -depending on the type of measurement we 
want to accomplish- and the characteristic frequencies of the sample are absorbed. The beam 
is finally measured by the detector. Every data point from the collected interferogram at the 
detector contains information about every frequency coming from the source. The computer 
performs a Fourier transform to decode the individual frequencies contained in the 
interferogram and gives us a frequency spectrum. 
 
The simplest transmission or absorption spectrum requires only two measurements. The first 
is the measurement of the reference spectrum. It is acquired before putting in the sample in 
order to measure the spectrum of the source and the instrument response. The latter is 
determined by the optical characteristics of the beam splitter and mirrors, air absorption if 
the device is not pumped, and detector spectral response. The overall shape of the reference 
spectrum is mainly determined by the emission spectrum of the source and the response of 
the detector as the beam splitter and mirrors mainly affect its intensity. The second 
measurement corresponds to the spectrum after placing the sample into the chamber. The 
final spectrum would just be the ratio of the sample curve to the reference curve. In this 
case, all of the instrumental characteristics are removed and only spectral features due to the 
sample are present. 
 



3.2  Sample characterization techniques 

We used a Bruker IFS66V FTIR instrument, which is capable of measuring in the visible, 
near-IR (NIR), mid-IR (MIR), and far-IR regions of the light spectrum. Measuring in each 
spectral region requires a different configuration of source, beam splitter, and detector 
elements. 
We used a Globar source, a KBr beam splitter, and an MCT detector for our measurements 
in the MIR spectral region from 5000 𝑐𝑐𝑚𝑚−1 to 400 𝑐𝑐𝑚𝑚−1. For the NIR spectral region, a 
Calcium fluoride beam splitter, a Tungsten source, and a Germanium-Diode detector were 
utilised. Moreover, the device was pumped to get rid of air absorption features. We usually 
used a resolution of 4 𝑐𝑐𝑚𝑚−1, and a scan number between 200 and 100 scans. The chosen 
source aperture is between 2mm and 0.5mm. 

3.2.2 atomic force microscopy 
Atomic force microscopy (AFM) was invented by Binnig, Quate, and Gerber in 1986 [65]. It 
is a measurement technique allowing for resolving surface morphology of samples with great 
precision, even down to atomic resolution, for materials of any nature and in any 
environment. Figure 3.5 shows the typical AFM setup. An AFM is basically composed of five 
elements: a cantilever with a sharp tip at its end that is used to probe the surface, a 
piezoelectric element (x-, y-, z-) scanner, a laser, a 4-quadrant photodetector, and a feedback 
loop.  

Figure 3.5: Schematic depiction of an atomic force microscope. 

When the tip approaches the surface, attractive forces, like Van-der Waals or permanent 
dipole-dipole interactions, appear. If the tip is further approached to the surface, strong 
repelling forces set in. These effective forces between the sample surface and the tip lead to 
a deflection of the cantilever. The deflection is measured as a voltage by detecting the 
reflection of the laser beam from the backside of the cantilever on the photodetector. The 
deflection of the cantilever is used to measure the forces being applied to the tip. 
There are two different imaging modes: contact mode and tapping (also called non-contact 
or intermittent-contact) mode [66, 67]. In contact mode, the tip is brought into contact with 
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the sample surface and is bent upward by direct interaction with the sample. The tip probes 
the surface in the x- and y- directions using the piezoelectric scanner. The feedback loop tries 
to keep the cantilever deflection constant by dynamically controlling the z-position of the tip 
relative to the sample surface using the piezoelectric scanner. 
In tapping mode, the tip is held above the surface and is oscillating near its resonance 
frequency. As the tip is probing the sample, the feedback loop maintains a constant amplitude 
of the cantilever oscillation by adjusting the distance between the tip and the surface. A 
topographic image can be reconstructed from the changes in the height of the piezoelectric 
scanner. Tapping mode is commonly used to scan soft samples like organic molecules and 
polymers. 
All AFM measurements shown in this work were recorded with a JPK NanoWizard3 
equipment in tapping mode under ambient conditions. The measurement tips have a spring 
constant of ca. 42 N/m and a resonance frequency of ca. 300 kHz. The thickness of layers 
was extracted by scratching a section of the layer using a needle and then measuring the 
morphology. 
A common parameter for the roughness of a surface is the root mean squared roughness or 
RMS. It is defined as the standard deviation of the sample surface height compared to its 
mean value. 

RMS = �
1
𝑀𝑀𝑒𝑒

� �(𝑧𝑧(𝑥𝑥𝑚𝑚 ,𝑦𝑦𝑛𝑛) − 𝑧𝑧̅)2
𝑁𝑁

𝑛𝑛=1

𝑀𝑀

𝑚𝑚=1

                                         (3.1) 

 
with M and N are the number of rows and lines of the scanned image, and 𝑧𝑧̅ the mean height 
given by 

𝑧𝑧̅  =
1
𝑀𝑀𝑒𝑒

� �𝑧𝑧(𝑥𝑥𝑚𝑚 , 𝑦𝑦𝑛𝑛)
𝑁𝑁

𝑛𝑛=1

𝑀𝑀

𝑚𝑚=1

                                                          (3.2) 

 

3.2.3 Four-point probe 
The four-point probe technique is the most common method used to measure resistivity of 
semiconductor samples [68]. The setup is based on two pairs of electrodes or probes. As 
shown in Figure 3.6, a constant current is applied in the two outer probes and the voltage is 
measured in the inner probes to determine the sample resistivity. Given that the current 
between the inner probes is practically zero, the contact resistance can be neglected. This 
method can measure the resistance of bulk materials or thin films sheet resistance, each of 
which consists of a different expression. 
The four-point probe setup used in this work consists of four equally spaced metal probes 
with a typical probe spacing 𝑠𝑠 ≈ 0.3 − 0.6𝑚𝑚𝑚𝑚. 
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Figure 3.6: schematic depiction of a four-point probe setup. 
 
 
Bulk material: 
We assume in this section that the metal probes are infinitesimal and samples are semi-
infinite in lateral dimension. For bulk samples where the sample thickness t >>s, the probe 
spacing, the bulk resistivity can be expressed as: 

ρ = 2πs
𝑛𝑛
𝐼𝐼

                                                                      (3.3) 

 
Eq. 3.3 is valid only if the sample is of semi-infinite volume. Real samples, of course, are of 
finite size, and a correction factor [69] is needed to get the actual resistivity. 
 
Thin film: 
For a very thin layer, where the sample thickness t is very small compared to the probe 
spacing s (t <<s), the resistivity can be expressed as:  

ρ =
𝜋𝜋𝜕𝜕

ln(2)
�
𝑛𝑛
𝐼𝐼
�                                                                  (3.4) 

 
And we get the sheet resistivity 𝑅𝑅𝑠𝑠 = 𝜌𝜌 𝜕𝜕⁄  : 

𝑅𝑅𝑠𝑠 = 4.53 �
𝑛𝑛
𝐼𝐼
�                                                                    (3.5) 

 
 

3.3  Materials and their properties 
In this section, the materials used for the fabrication of the hybrid inorganic/organic samples 
are presented: ZnGaO and silver as metallic components, and PVMK, Pedot-PSS, P3HT and 
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F4TCNQ as organic materials. The main relevant properties of the materials are also briefly 
discussed here together with the preparation processes. 
 

3.3.1 ZnO/ZnGaO 
ZnO has been identified as a promising plasmonic material for the infrared spectral range 
[70, 71] thanks especially to its full-infrared transparency and its low plasmonic loss up to 
telecommunication wavelengths [72, 73]. The free-electron concentration in ZnO can be tuned 
by heavily doping it with Ga [52], enabling the realization of almost arbitrarily shaped surface 
plasmon polariton dispersion curves in planar geometries [74] and the surface plasmon 
frequency can be adjusted from the mid- to near-infrared range. 
 
Zinc oxide (ZnO) is a transparent II-VI semiconductor with a wide direct band gap of 𝐸𝐸𝐴𝐴 =
3.37 eV at room temperature. It is highly available, non-toxic and can be produced with high 
crystal and optical quality which make it suitable for many applications, namely for 
photovoltaic applications [75]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Wurtzite crystal structure of ZnO with zinc atoms in yellow and oxygen atoms 
                 in grey [76]. 
 
 
ZnO crystallizes preferably in the hexagonal wurtzite-type structure depicted in Figure 3.7. 
Every zinc atom is surrounded by four oxygen atoms, and vice versa, constituting the two 
interpenetrating hexagonal sub-lattices of the wurtzite structure. It can be grown using a 
wide variety of techniques namely sol-gel processing, pulsed laser deposition, electron beam 
evaporation, spray pyrolysis, atomic layer deposition, metal organic chemical vapor 
deposition and molecular beam epitaxy [77]. The investigated ZnO-based sample in this work 
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has been produced by Dr.Sergey Sadofev using MBE, which was described previously in 
section 3.1.1. 
The most common substrate for ZnO film growth is sapphire (Al2O3) due to its excellent 
crystal and surface quality. Used A-plane sapphire substrates in this work were purchased 
from “Crystec GmbH", have a thickness of 0.53 mm and are cut in square pieces of 10mm. 
ZnO can be heavily doped n-type by introducing Al, In, Mg and Ga impurities [52]. In this 
work, we used Ga-doped ZnO films. By properly adjusting the doping level we can control 
the spectral region where the surface plasmon polariton should exist. 

The permittivity of ZnGaO is described by Drude’s dielectric function [52]: 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀𝑏𝑏 −
𝜔𝜔𝑝𝑝2

𝜔𝜔(𝜔𝜔 + 𝑖𝑖Γ𝑝𝑝)
 (3.6) 

where 𝜀𝜀𝑏𝑏 is the pure ZnO background dielectric constant, 𝜔𝜔𝑝𝑝 = (𝑒𝑒𝑒𝑒2 𝑚𝑚𝜀𝜀0⁄ )1/2 the plasma 
frequency, through which the density N of the conduction-band electrons and their effective 
mass 𝑚𝑚 enter, and Γ𝑝𝑝 is the electron scattering rate. For ZnO we estimate 𝜀𝜀𝑏𝑏 = 3.7 and 𝑚𝑚 =
0.29 𝑚𝑚0. 

3.3.2 Silver 
Silver is a traditional metal which can be thermally evaporated at temperatures around 900°C 
from a boron nitride crucible or a molybdenum boat. The resistivity of silver is low; thus, it 
allows a good propagation of the surface plasmon polariton [78, 79] and results in a certain 
finesse of the surface plasmon polariton feature, which is essential for obtaining the strong 
coupling. 
The dielectric function of Silver is described by Drude’s Model. However, the parameters of 
Drude’s function vary a lot depending on the spectral range that is to be described. For the 
mid-infrared region, the best agreement between experiment and theory is obtained 
using the dielectric function data of [43]. 
To observe the strong coupling we evaporated silver layers with controlled thickness of 25nm-
50nm and a root mean squared surface roughness below 3nm that was characterized by AFM. 
We also used silver contacts as electrodes for the four-point probe measurements. Silver 
evaporation was done with the help of Dr. Sergey Sadofev and Dr. Felix Hermerschmidt. 

3.3.3 Polymer PVMK 
Poly Vinyl Methyl Ketone (PVMK) is a commercially available transparent polymer 
characterized by a strong well-defined absorption of its carbonyl group stretch vibration. The 
repeating unit of the PVMK polymer as well a transmission spectrum of a PVMK film with 
thickness≈1360nm (confirmed by AFM) are plotted in Figure 3.8. 
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Reproducing the transmission spectrum by transfer matrix (TRMA) calculations and 
treating the vibrational transition as Lorentzian resonance 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀𝑏𝑏 �1 +
𝐴𝐴

𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔𝛾𝛾
�   (3.7) 

allows for extraction of the resonance frequency 𝜔𝜔0 = 0.2119 𝑒𝑒𝑛𝑛, the transition strength 
parameter 𝐴𝐴 = 298 𝑚𝑚𝑒𝑒𝑛𝑛2, which is directly proportional to the density of carbonyl groups, 
and dissipation rate 𝛾𝛾 = 1 𝑚𝑚𝑒𝑒𝑛𝑛 of the vibrational resonance. Mid-infrared background 
permittivity 𝜀𝜀𝑏𝑏 = 2.5 and PVMK layer thickness are deduced from amplitude and position 
of the interferences fringes. 

Figure 3.8: Transmission spectrum of a 1360 nm-thick layer of PVMK on silicon in TM 
 polarization. Full black curves: experiment. Dashed red curves: TRMA 
 calculations. Inset 1: zoom on the transmission signal of the stretch vibration 
 of the carbonyl group. Inset 2: repeating unit of the PVMK polymer (adapted 
 from [80]) 

3.3.4 P3HT/F4TCNQ 
Poly(3-hexylthiophene) (P3HT) is a very widespread regioregular conjugated semiconductor 
polymer. Its monomer consists of a thiophene ring with a hexyl sidechain attached to its 3rd 
position as depicted in Figure 3.9(a). 
The P3HT used in the experiments performed for this work was purchased from Sigma 
Aldrich and has a regioregularity above 90%. 
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Figure 3.9: (a) repeating unit of the P3HT polymer. (b) molecular structure of F4TCNQ. 

Tetrafluorotetracyanoquinodimethane (F4TCNQ) is one of the most widely used and most 
effective p-type dopants due to its strong electron-accepting ability. It has a deep LUMO 
level (-5.2 eV) which is energetically in the vicinity of the HOMO level of many organic 
semiconductors. Doping is then facilitated by charge transfer from the HOMO level of the 
host to the LUMO of the dopant. 
The molecular structure of F4TCNQ is depicted in Figure 3.9 (b). 
P3HT can be p-doped with F4TCNQ by the mechanism of ion pair formation resulting in 
the formation of an acceptor anion and a cation [81]. Cationic segments on a polymer chain 
are called polarons. P3HT doping with F4TCNQ has already been studied by many groups 
[82]. This doping results in the formation of an acceptor anion and a donor cation. The 
transmission spectrum of a F4TCNQ doped P3HT thin film with thickness≈170nm confirmed 
by AFM, in the near- and mid-infrared (NIR/MIR) range, plotted in Figure 3.10, can be 
adequately described as a superposition of the F4TCNQ anions and P3HT positive polarons. 
In this work we are mainly interested in the P3HT polaron feature as its absorption lies in 
the mid-infrared and the F4TCNQ anions will be ignored because their absorption lies far 
away in the near-infrared region. 

Reproducing the transmission spectrum by TRMA calculations and treating the polaron 
feature as Lorentzian resonance: 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀𝑏𝑏 �1 +
𝐴𝐴

𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔𝑖𝑖
�   (3.8) 
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allows for extraction of the mid-infrared background permittivity 𝜀𝜀𝑏𝑏 = 3.24, the resonance 
frequency 𝜔𝜔0 = 0.5 𝑒𝑒𝑒𝑒, the transition strength parameter 𝐴𝐴 = 312.5 𝑚𝑚𝑒𝑒𝑒𝑒2, and dissipation 
rate 𝑖𝑖 = 210 𝑚𝑚𝑒𝑒𝑒𝑒 of the polaron resonance. These parameters do actually depend on the 
doping level, in other words on the experimental doping procedure. Since we are only 
concerned with the mid-infrared spectrum, we did not have to model the absorption of the 
anions as we did for the polaron. 

Figure 3.10: Measured transmission of an F4TCNQ doped P3HT thin film (≈170nm) on 
calcium fluoride in the NIR/MIR range. P3HT polaron and F4TCNQ anions 
are marked. 

We defined two specific procedures for creating F4TCNQ doped P3HT films (see section 1 
in the appendix): the first method for creating thick films ranging from 140nm up to 250nm, 
and the second for thinner films of some tens of nanometers. The doping levels are expected 
to be similar for films created by the same method since the concentration of used P3HT and 
F4TCNQ is kept the same. P3HT/F4TCNQ films used in this work were prepared with the 
help of Hannes Hase. 
The previously determined parameters describing the polaron feature should also be valid for 
all films prepared by the first doping procedure, and will be used for further simulations and 
analysis in this work. 

3.3.5 PEDOT:PSS 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a polymer mixture 
of two ionomers: the first component is sodium polystyrene sulfonate which is a sulfonated 
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polystyrene and carries a negative charge; the other component is poly(3,4-
ethylenedioxythiophene) which is a conjugated polymer obtained from the polymerization of 
ethylenedioxythiophene monomers and carries positive charges. Together they form a water-
soluble macromolecular salt [83] resulting in a polymer with interesting characteristics, 
including high conductivity, high visible light transmissivity and excellent stability of its 
electrical properties [84]. The chemical structure of PEDOT:PSS is reported in Figure 3.11. 

Figure 3.11: Chemical structure of PEDOT (bottom) and PSS (top) polymer chains, and 
how they are bonded. 

The electrical properties of PEDOT:PSS vary widely, depending on the solution formula, i.e. 
PSS content, as well as the substrate preparation and the film production procedure. The 
film can be obtained by dispersing the water-based PEDOT:PSS ink on the substrate surface 
by spin coating or blade coating and evaporating out the water by annealing. 
All PEDOT:PSS films in this work were produced by doctor blading (see section 2 in 
the appendix) with the help of Dr. Felix Hermerschmidt. Two PEDOT:PSS water-based 
solution were used: PEDOT:PSS HIL E 100 and PEDOT:PSS PH 1000. 

The transmission spectra of PEDOT:PSS films in the MIR range plotted in Figure 3.12, show 
a very broad polaron feature. The position and width of the feature depend on the type of 
the used solution. It was difficult to reproduce the transmission spectrum by TRMA 
calculations by treating the polaron feature as Lorentzian resonance. 
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Figure 3.12: Measured transmission spectra of PEDOT:PSS PH 1000 and PEDOT:PSS 

HIL E 100 films on calcium fluoride substrates. 
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4    Experimental observation of SPPs 
 
The demonstration of the strong coupling regime between surface plasmon polaritons and 
molecular excitations in a polymer requires the observation of changes in the energy states 
of the system. For this, the experimental setups must enable us to obtain the dispersion 
relation of the surface plasmon polaritons when they are in interaction. However, a surface 
plasmon polariton is non-radiative; that is why, it cannot decay directly in the form of light, 
and conversely it cannot be excited with incident light directly at a planar metallic surface. 
We must use particular geometries to study optically the surface plasmon polaritons. Our 
experiments are based on prism coupling. We carried out reflectometry and 
photoluminescence measurements using this mode of coupling. 
The first part of this chapter describes the coupling methods of SPPs with a radiative light 
wave. The second part presents the experimental setups that we used during this work to 
study and characterize the coupling between surface plasmon polaritons and molecular 
excitations. Finally, in the last part the main parameters affecting the quality of the 
measurements are discussed. 
 
 

4.1  Excitation of surface plasmon polaritons 
Two excitation methods of SPPs are described in this section, namely coupling of surface 
plasmon polaritons with a prism, which is the method that we used for our experiments in 
this work, and coupling with a grating, which is a more advanced and technically complicated 
method.  
 

4.1.1 Principle 
Due to its characteristic dispersion relation, the surface plasmon polariton is non-radiative 
[42]. Let us consider a few tens of nanometers thick silver layer, deposited on a glass substrate 
of optical index n, as shown in Figure 4.1. The dispersion relations of the different 
electromagnetic modes associated with this layer are also shown in the figure. As can be seen 
for the Ag/Glass interface, the dashed line represents the dispersion relation of the light in 
the glass, the dashed curve represents the dispersion of the surface plasmon polariton at this 
interface. 
For a given energy E, the surface plasmon polariton wave vector 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 is always larger 
than that of the light 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 , the two wave vectors are drawn in the figure. Therefore, 
the tangential component of the light wave vector cannot be equal to the SPP wave vector, 
and we cannot have direct coupling between surface plasmon polaritons and radiative modes. 
This is also the case for the Ag/Air interface and for any other dielectric medium and 
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whatever the index of the dielectric medium. A surface plasmon polariton cannot couple with 
the radiative modes of the dielectric medium in contact with the surface of the metal. 
 

 
Figure 4.1: The different dispersion relations in a system composed of a layer of silver and 

two dielectrics (air and glass). The straight lines are the dispersion relations of 
light in air (solid line) and in glass (dashed lines). The curves correspond to the 
dispersion relations of the surface plasmon polaritons, propagating at the 
Ag/Air interface (solid line) and at the Ag/Glass interface (dashed lines). 

 
 
The surface plasmon polariton wave vector at the Ag/Air interface (𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑖𝑖𝑎𝑎  in Figure 
4.1) has a lower value than the wave vector of light in the glass (𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 in Figure 4.1). 
Decoupling can therefore occur when the projection of 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 on the metal plane is equal 
to the plasmon polariton wave vector 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑖𝑖𝑎𝑎. This means that for some energies, the 
tangential component of the wave vector of the light in the glass may be equal to the surface 
plasmon polariton wave vector at the Ag/Air interface, and this can be explained by the 
following relation: 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑖𝑖𝑎𝑎 = 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 sin𝜃𝜃                                                  (4.1) 
 
where 𝜃𝜃 is the light wave angle of incidence. 

 
4.1.2 Excitation of surface plasmon polaritons with a prism 
Let us consider an incident light wave on the metal layer from the glass as shown in Figure 
4.2. For some angle θ, the equation (4.1) is verified. This corresponds to the point of 

Ag 

Air 

Glass 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑖𝑖𝑎𝑎 

𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝑎𝑎𝑖𝑖𝑎𝑎 

𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 
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intersection between the dispersion of the surface plasmon polariton (solid curve) and the 
dotted line. This line represents energy as a function of the projection, on the metal surface, 
of the light wave vector (𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 sinθ). 
 

 
Figure 4.2: The right figure represents an incident light wave in glass on a silver layer, and 

the surface plasmon polariton propagating on the other interface. The lines and 
curves in full and dashed lines on the left figure represent the dispersion 
relations of different electromagnetic modes (the same as in Figure 4.1). The 
dotted line represents the energy as function of the tangential component of the 
light wave vector in glass. The vector wave at the crossing point is also shown. 

 
 
We can notice that the coupling occurs for: 

𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 sinθ > 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝑎𝑎𝑖𝑖𝑎𝑎 

i.e.  θ >  θ𝑝𝑝  𝑎𝑎𝑟𝑟𝑐𝑐𝑠𝑠𝑖𝑖𝑛𝑛
1
𝑛𝑛
. 

Coupling is therefore possible if the angle of incidence is greater than the total reflection 
angle θ𝑝𝑝. 
In fact, a prism can be used as a medium of incidence of index n. There are two different 
geometries, Otto configuration and Kretschmann-Raether configuration. 
 
In the OTTO configuration [44], the metal surface is separated from the prism of index n by 
an air gap of a dimension of the order of magnitude of the excitation wavelength. In this 
configuration, it is the evanescent wave extending in the air gap that allows the excitation 
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𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴/𝐴𝐴𝑖𝑖𝑎𝑎 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 𝐴𝐴𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠 



4  Experimental observation of SPPs 

48 

of the surface plasmon polariton at the interface air-metal. The diagram of this geometry is 
shown in Figure 4.3 (a). 
 
 

 
Figure 4.3: The two configurations of surface plasmon polaritons excitation by a prism. The 

        white arrow schematizes the excitation of the surface plasmon polariton. 
 
 
In the KRETSCHMANN-RAETHER configuration [45], a thin metal layer of few tens of 
nanometers is directly in contact with the base of the prism. During the reflection of the 
light on the metal layer inside the prism, the excitation of the surface plasmon polariton at 
the interface metal-medium of index n is not possible. The evanescent field extends into the 
metal and couples with SPPs on the other side of the metal layer, at the interface between 
the metal and air as shown in Figure 4.3 (b). 
 
Let us summarize the general principle of the excitation of surface plasmon polaritons with 
a prism: An incident light beam enters a prism and is reflected on its base. An evanescent 
field is then created beyond the base of the prism and couples with the surface plasmon 
polariton. For a given angle of incidence θ, corresponding to a given wavelength λ, the 
projection of the light wave vector in the medium of index n is equal to the wave vector of 
the surface plasmon polariton, and we have the relation: 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 sin θ =  
2𝜋𝜋𝑛𝑛
𝜆𝜆

sin θ                                                      (4.2) 

 
When these conditions are met, the surface plasmon polariton is excited at the interface 
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(a) Otto configuration (b) Kretschmann-Raether 
configuration 
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between air and metal, as summarized in Figure 4.4 in the case of the Kretschmann-Raether 
configuration. The principle is the same for the Otto configuration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Schematic diagram of surface plasmon polariton excitation principle by the use 

        of a prism in the Kretschmann-Raether configuration. 
 
 

4.1.3 Excitation of surface plasmon polaritons with a grating 
A more advanced solution for coupling surface plasmon polaritons to radiative light is to use 
a grating [85]. The problem is always the same: a surface plasmon polariton is non-radiative 
and the SPP wave vector 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 at an energy E, whatever this energy is, is always greater than 
the tangential component of the light wave vector at this same energy. An additional 
momentum needs to be added then to the momentum of the incident optical wave to match 
that of the SPPs. Consequently, the coupling of light to SPPs can rely on light scattering at 
periodic patterned surfaces, which provides the incident wave with an additional momentum 

multiple of 2𝜋𝜋
𝑎𝑎

, where 𝑎𝑎 is the pitch/period of the grating. 

If a light wave is incident with an angle θ on the grating surface and for some values of 𝑎𝑎, 𝑚𝑚 
and θ, the following relation can be verified: 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 =
2𝜋𝜋𝑛𝑛
𝜆𝜆

sin θ +  
2𝜋𝜋𝑚𝑚
𝑎𝑎

                                                      (4.3) 

 
where, 𝑚𝑚 is an integer and represents the diffraction order and 2𝜋𝜋𝑛𝑛 𝜆𝜆⁄  is the wave vector of 
light in the incident medium of index 𝑛𝑛. The plasmon can then become radiative. 
The diagram in Figure 4.5 summarizes the mechanism of this coupling with a grating. The 

term 2𝜋𝜋𝑚𝑚
𝑎𝑎

 fills the difference between 𝑘𝑘𝑝𝑝𝑖𝑖𝐴𝐴ℎ𝑒𝑒 and 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 and allows coupling between radiative 

light and surface plasmon polaritons. 
 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 =  
2𝜋𝜋𝑛𝑛
𝜆𝜆 sin θ 
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Figure 4.5: Schematic diagram of the excitation of surface plasmon polaritons on the surface 

       of a grating. 
 
 
A surface plasmon polariton propagating on the surface of a metal can thus be coupled back 
to light by using a grating. Conversely, a light beam incident on a grating can directly excite 
a surface plasmon polariton. Grating coupling is extremely effective because it is a permanent 
and selective coupler. However, the period/pitch of the grating must be of the order of 
magnitude of the wavelength of the excitation light. Therefore, obtaining samples with 
periodic nano-structuring of this type can pose a technical problem. 
 
 

4.2  Experimental setups 
Fourier Transform Infra-Red (FTIR) spectroscopy was the main technique used to collect 
experimental data for the studied samples in this work. Two types of optical measurements 
were made on the samples using an FTIR spectrometer: ATR measurements allow us to 
obtain the dispersion relations whilst thermal luminescence measurements give access to the 
emission properties of the organic material in interaction with the surface plasmon polaritons. 
 

4.2.1 Attenuated total reflection (ATR) 
ATR measurements are based on a reflectometry setup which allows us to record the intensity 
reflected by the samples according to both the wavelength and the angle of incidence. To 
measure ATR, we place a reflection unit (Figure 4.6) within the sample chamber. The 
reflection unit consists of two arms, both arms can be controlled manually and by a motor 
to change the beam incidence angle and the collection angle of the reflected light by steps of 
1°. Both angles can vary between 14° and 85°. The samples are placed in the reflection unit 
using special sample holders. A polarizer can also be placed inside the first arm to control 
the polarization of the incident light on the sample. Apertures can also be placed at the 
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𝑎𝑎
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entrance or the exit of the reflection unit to control the intensity of light hitting the sample 
or being collected by the detector. For simple reflection measurements, a gold mirror is used 
as reference. However, for ATR measurement, a clean calcium fluoride prism is used as 
reference in the Kretschmann-Raether configuration and a clean zinc selenide hemisphere is 
used as reference in the Otto configuration. Because SPPs can only be excited using TM 
polarized light, we used a mid-infrared polarizer for all our ATR measurements from which 
we want to conclude the dispersion of the SPP. TE spectra were also collected for comparison. 
 
The spectral width of the surface plasmon polariton and the hybrid features on the ATR 
spectra depends on the characteristics of the surface plasmon polariton, which are related to 
the metal and the dielectric medium. A broadening imposed by the experimental setup is 
added to the intrinsic width; this broadening is largely related to the angular spread of the 
beam caused by the non-perfect beam nature and by the different optics in the reflection 
unit. Another undesirable effect of such spread, is the shift of the SPP or hybrid features 
positions. This can lead to imprecise dispersion relations and increases the measurement 
error. To reduce the angular spread and its effects we placed apertures either at the entrance 
or at the exist of the reflection unit. Of course, the exact setup was kept so as to measure 
the reference curve. The angular spread was also taken into account in the simulations as we 
will discuss in the remainder of this chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Schematic diagram of the reflection unit used for ATR measurements. 
 
 

4.2.2 Thermal luminescence setup 
In order to measure luminescence using an FTIR, we need to place the emitting sample in 
front of the external entrance of the Fourier spectrometer, and of course we will not use any 
other light source.  To obtain thermal luminescence from our samples we need first to heat 
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them. For this we used a small metallic cube as a heater. By applying a voltage to the core 
of the cube, its temperature increases and at the same time we can measure its resistance 
using a multi-meter. We use a characterizing formula which can give the approximate 
temperature of the heater using as input the measured resistance. Applied voltages are 
between 10 and 15V, giving a temperature range of 340K≈66°C - 440K≈166°C.  
The sample is placed on top of the heater, and is just touching it with the edges to avoid 
direct contact with the sample center and any possible damage to the organic layers. After 
changing the temperature, we wait for approximately 15minutes and check by measuring the 
resistance that the heater and the sample are in thermal equilibrium. 
We want to collect the emission for different angles. For that we use the same reflection unit 
employed to measure reflection/ATR curves. However, we just now use one arm. This 
movable arm permits us to change the collection angle. The signal coming out of the reflection 
unit is then collimated, directed and focused at the external entry of the spectrometer. The 
sample chamber at the external input of the used FTIR spectrometer is not equipped with a 
vacuum pump nor with a direct nitrogen connection. To minimize the contribution of air 
molecules in the measured spectra, the chamber was flushed manually with nitrogen gas. 
Contrary to the reflection measurement the signal is now smaller and noisier. Precise 
alignments need to be done in order to maximize the signal. 
A background spectrum was also measured, which contains the thermal emission coming 
from the optics inside the spectrometer. The background signal is larger than the sample 
emission, so we needed to verify that the background signal is not fluctuating within the 
measurement time. Contrary to reflection measurements, we used the largest external 
aperture and we scanned over longer times (400 or 800 scans). 
As reference, we measure the emission of a bare calcium fluoride prism. We found that 
subtracting the interferograms of the sample and reference give a better spectrum rather than 
dividing the sample spectrum with the reference spectrum. 
 
 

4.3  Reflectometry by prism in the Kretschmann-Raether configuration 
 
The dispersion relation of the surface plasmon polariton is obtained by means of reflection 
measurements in the Kretschmann-Raether configuration. For that, it is necessary to vary 
the wave vector of the SPP. According to the equation (4.2), the wave vector is directly 
related to the angle of incidence and to the wavelength of the incident light beam.  
We must therefore be able to freely vary this angle of incidence. We use for this a 
hemicylindrical prism which is made of Calcium fluoride glass. The silver was directly 
deposited/evaporated on the base of the prism. Measurements are made by illuminating the 
sample with white light through the prism and collecting the reflected light from the prism, 
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as schematized in Figure 4.6. To vary the angle of incidence on the silver layer, this layer 
must be in the center of the hemicylinder, as shown in Figure 4.7. 

In Kretschmann-Raether geometry, the evanescent field that couples the surface plasmons to 
radiative light, extends into the silver layer. The thickness of this layer is of paramount 
importance in this configuration. This can be seen from simulated reflectometry spectra using 
transfer matrix calculations, in Figure 4.8, at an angle of incidence θ = 56° with samples 
having a 750nm layer of PVMK without any molecular resonance on the silver film, which 
present a minimum of intensity at the wavelength λ, for which the relation (4.2) is verified. 

Figure 4.7: Schematics of the ATR measurements in the Kretschmann-Raether 
configuration using a calcium fluoride hemicylindrical prism as the coupling 
medium. 

Under these conditions, the incident light couples to the surface plasmon, which results in a 
decrease in the reflected intensity and shows up as a reflection minimum. For different silver 
layer thicknesses varying from 15 to 55 nm, we obtain the following: 
When this layer is too thin, the surface plasmon polariton couples strongly to radiative waves 
in the prism. This increases the modes of loss of surface plasmon polariton and increases the 
width of the SPP feature in the reflectometry spectrum. On the contrary, if the layer is too 
thick, the coupling between the radiative light and the plasmon mode is weaker, and 
therefore, the surface plasmon polariton line is shallower [86].  
Simulations, which we have already shown in Figure 4.8, have allowed us to find an optimal 
thickness of 30nm for the silver layer. 

Polymer layer 

Silver layer 

𝐶𝐶𝑎𝑎𝐹𝐹2Prism 
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Figure 4.8: Simulated influence of the thickness of the metallic silver layer on the position 

and shape of the surface plasmon polariton resonance peak in the Kretschmann-
Raether configuration for a fixed angle of incidence θ = 56°. Plotted thicknesses 
are: 15nm, 20nm, 30nm, 40nm and 55nm plotted respectively from strongest 
(15nm) to weakest (55nm) feature.  

 
 
Reflectometry measurements allow us to perform two different types of spectra. Either the 
angle of incidence θ is fixed in which case we measure the reflected intensity depending on 
the wavelength λ, set λ and vary θ. The spectra in Figure 4.9 show the reflected intensities 
according to the wavelength of incident light for different angles of incidence varying from 
54° to 58°. We plot here only theoretical simulations obtained considering a sample where a 
silver layer is deposited directly on the prism, on which a polymer layer of 750 nm is further 
deposited. The position of the different minima gives the surface plasmon polariton energy 
for different angles. Thus, we have access to the SPP wave vector, thanks to the equation 
(4.2). We can then obtain the dispersion relation of the surface plasmon polaritons of the 
polymer-silver interface. This experimental method of measuring the reflectometry in the 
Kretschmann-Raether configuration, represents an effective mean to measure dispersion 
relations. 
 
We can then question the dependence of the reflectometry spectra with respect to 
experimental parameters: 
 
Thickness of the silver layer: 
A variation in the thickness of the silver layer causes only a slight variation in the energy 
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position of the plasmon line. However, we have already pointed out that the width and 
depth of the plasmon peak are very sensitive to a variation of this thickness. 

 
 

 
 
Figure 4.9: Series of simulated reflectometry spectra obtained for different angles of  

incidence, with a sample having a layer of PVMK without any molecular 
resonance on a layer of silver. 

 
 
Presence of a dielectric layer: 
The electric field of the surface plasmon polariton is evanescent in the perpendicular direction 
to its direction of propagation, especially in the dielectric medium. The characteristic lengths 
of this evanescence are of the order of a hundred nanometers in the visible and tens of 
micrometers in the mid-infrared for dielectric media of index 1 to 1.5. Surface plasmon 
polaritons properties are extremely sensitive to variation of the index in this zone which is 
very close to the metal layer. Therefore, the presence, thickness and index of a dielectric 
layer have a great influence on the dispersion relation. This is a method of measuring optical 
properties of the dielectric medium [87, 88]. 
The positions of the dispersion relations are very sensitive to these parameters. For example, 
a variation of 50nm in the dielectric layer thickness causes a displacement of the order of 
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15meV in the mid-infrared region as observed in Figure 4.10. It was necessary to effectively 
control the properties of the layers to be able to control the energy position of the surface 
plasmon polariton. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Simulation of the influence of the thickness of the dielectric layer on the 

position and shape of the surface plasmon polariton resonance peak in the 
Kretschmann-  Raether configuration at a fixed angle of incidence θ = 58° and 
for a silver layer of 30nm. 

 
 
Roughness and purity of the silver layer:  
Parameters related to the silver layer also play a significant role on the reflectometry spectra. 
The presence of roughness on the surface of silver causes surface plasmon polaritons to diffuse, 
accompanied by a change in the wave vector. This can make the SPP radiative. The 
impurities contained in silver increase the resistance of the metal, resulting therefore, in the 
absorption of surface plasmon polaritons in the metal layer. An increase in roughness or the 
concentration of impurities causes the increase of surface plasmon losses, and decreases its 
life time. This translates into an increase in the width of the plasmon line [89]. Silver layers 
used in this work has a root mean squared surface roughness below 3nm. 
 
The purpose of this study is to show that for the existence of strong coupling with surface 
plasmon polaritons, it is essential that the plasmon feature is as thin as possible and that its 
energy position can be adjusted. So, it was important to better control, the surface roughness 
and purity of the silver, as well as the thickness of the deposited dielectric layers.
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4.4 Summary 
 
The excitation of surface plasmon polaritons at a metal-dielectric interface, is the first step 
towards achieving strong coupling between SPPs and any targeted excitation. Within this 
chapter, different possibilities to achieve coupling of external light to the plasmonic 
excitations of a metal surface were introduced. The arising SPPs need to have specific 
properties, such as a narrow absorption linewidth, in order to be suitable for strong coupling. 
Attenuated-total-reflection and thermal luminescence setups used to characterize the quality 
of the obtained SPPs and to analyze strong coupling are presented. Furthermore, ATR 
spectra of a sample consisting of a polymer film on top of a silver layer in Kretschmann-
Raether configuration were simulated using transfer matrix calculations to determine the 
optimal experimental parameters for observation of a coupled system. This purely theoretical 
optimization study is necessary for every targeted polymer and excitation. Nonetheless, the 
quality of the grown sample layers should also be taken into account due to its direct impact 
on the creation of the surface plasmon polariton and thus its measured absorption. 
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5    Strong coupling: experimental proof and 
      simulation 
 
The following chapter is based on the publication Strong Coupling between Surface 
Plasmon Polaritons and Molecular Vibrations [80] by H. Memmi, O. Benson, S. 
Sadofev and S. Kalusniak. The author conducted all the experiments. S. Sadofev grew 
the inorganic samples. H. Memmi and S. Kalusniak planned the experiments and 
interpreted the data. S. Kalusniak wrote the manuscript. In addition to the data 
presented in the aforementioned publication, description and results of thermal 
emission measurement are presented and discussed. 
 
The strong coupling regime has been the subject of intensive studies in different systems: 
single-mode cavities [90], optical microcavities [91]. These studies have made it possible to 
highlight certain properties common to strongly coupled systems. It is therefore of great 
interest to verify whether these properties are found in the interaction between surface 
plasmon polaritons and molecular vibrations. Moreover, it is also interesting to see if this 
interaction exhibits particular properties, related to the intrinsic characteristics of SPPs and 
molecular vibrations. 
 
This chapter presents the experimental results concerning some of these properties. For each 
of these experimental results, numerical modeling was carried out. First, experimental 
reflectometry measurements of a hybrid sample consisting of a PVMK layer spin-coated on 
top of silver in Kretschmann-Raether configuration are presented. In the second part of this 
chapter, the experimental findings are numerically simulated and analyzed based on the 
theory of strong coupling (see Chapter 2, section 2.2). The aim is to demonstrate 
experimentally and numerically the strong coupling between surface plasmon polaritons and 
molecular vibrations. This interaction is studied using an FTIR spectrometer by two separate 
methods: attenuated total reflection and thermal emission measurements that are presented 
and discussed in the third part. The last part of this chapter will summarize the findings. 
 
 

5.1  Experimental results/proof of strong coupling 
In this section, the experimental results aiming to demonstrate strong coupling between SPPs 
and molecular vibrations are presented and analyzed. The first subsection is devoted to the 
presentation of the sample design and the main experimental parameters while the obtained 
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reflectometry spectra and dispersion relations of the hybrid system are described in the 
second subsection. 
 

5.1.1 Sample design / Experimental details 
In order to observe the modifications of the molecular vibrations during their interaction 
with the surface plasmon polariton, the samples must have a layer containing these 
vibrations, located in the evanescent field of the SPP. That is to say, they should be at a 
distance less than 50 nm from the silver layer. The samples should also allow experimental 
observation of this interaction as well as the modified dispersion relation of the surface 
plasmon polariton. For this, we use the Kretschmann-Raether configuration. The geometry 
of the samples is therefore of paramount importance and is presented in Figure 5.1. They are 
made on a calcium fluoride prism, on which a silver layer is deposited by thermal evaporation 
under vacuum. This layer has a thickness of about 30 nm, which is an optimum thickness 
according to TRMA simulations allowing the best coupling between radiative light and 
surface plasmon polaritons. A layer of PVMK polymer is deposited by spin-coating on top of 
the silver layer. The thickness of this layer has been determined by measuring the thickness 
of reference samples using AFM and confirming it by fitting the corresponding IR 
transmission spectra. 
 
 
 
 
 
 
 
 
 
Figure 5.1: Schematics of the ATR emission measurements in Kretschmann-Raether 

configuration using a calcium fluoride hemi-cylindrical prism as coupling 

medium. The in-plane vector 𝑘𝑘 = 𝑖𝑖
𝑐𝑐 �𝜀𝜀𝐶𝐶𝑎𝑎𝐹𝐹2 sin𝜃𝜃 is experimentally defined by the 

angle of incidence 𝜃𝜃. 
  

Indeed, we want to observe the interaction between the surface plasmon polaritons and the 
vibrations. To this end, it is necessary that the energy of the surface plasmon polariton 
crosses that of the vibration. In the polymer, the vibration is without dispersion, its energy 
is constant with the wave vector and equals to 211.9 𝑚𝑚𝑒𝑒𝑛𝑛. The surface plasmon polariton 
dispersion relation must intersect the energy of the vibration in an experimentally accessible 

𝜃𝜃 
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region. In the case of an experimental setup with a calcium fluoride hemispherical prism, the 
angle of incidence can vary from 14° to 85°, and the wavelength of the incident light varies 
from 1 𝜇𝜇𝑚𝑚 up to 20 𝜇𝜇𝑚𝑚. These experimental limits open a certain window in the energy/wave 
vector plane. The energy can vary from 62 𝑚𝑚𝑒𝑒𝑛𝑛 up to 1 𝑒𝑒𝑛𝑛 and the wave vector from 0.4 ×
106𝑚𝑚−1 to 6.9 × 106𝑚𝑚−1. 
 

5.1.2 Reflectometry spectra and dispersion relation (ATR) 
We realized one type of reflectometry spectra by varying the wavelength of the incident light 
and keeping a constant angle of incidence. Figure 5.2 presents a series of ATR spectra at a 
constant angle of incidence, varying from 60° to 68° in steps of 2°. Regarding transverse 
electric (TE) polarization, the ATR spectra show only a very weak molecular signal. As for 
transverse magnetic (TM) polarization, two pronounced minima are present on the different 
spectra. In the case of reflectometry spectra simulated for a sample having a layer of PVMK 
without any molecular resonance on top of a layer of silver (see chapter 4, Figure 4.8), a 
single peak appears on the spectra. The presence of the two minima is therefore a consequence 
of the interaction between the surface plasmon polariton and the molecular vibration. For 
the rest of the chapter we will only consider results obtained in TM polarization. 
 
For the highest angle of incidence 𝜃𝜃 = 68°, we have two very different features in terms of 
width at half maximum and depth. The low-energy feature is around 210 𝑚𝑚𝑒𝑒𝑛𝑛 and almost 
corresponds to the absorption line of the vibration. The high-energy line corresponds to the 
excitation of the surface plasmon polariton. For the smallest angle of incidence 𝜃𝜃 = 60°, the 
two features are still very different, the low energy one is almost a plasmon line and the high 
energy one is almost the absorption line of the vibration. For intermediate angles this 
separation is no longer possible, as we see on the spectrum corresponding to the angle 64° in 
Figure 5.2. The features are very far from the characteristics of the SPP and the vibration, 
and they have comparable depths and widths at half maximum. If 𝜃𝜃 is very large, a weak 
signal with no detectable dispersion is also present at the molecular resonance frequency 
(middle branch). 
  
In summary, we observe two branches: An upper branch (UB) that shows up as a narrow 
minimum located slightly above the molecular resonance frequency, which shifts to higher 
energies and broadens significantly when increasing the angle of incidence, and a lower branch 
(LB) which approaches the molecular resonance from the low-energy side when 𝜃𝜃 is increased. 
 
The influence of the interaction between SPPs and molecular vibrations on the energy states 
of the system is observed through the dispersion relations, i.e. the energy as function of the 
wave-vector. Reading the ATR minima and using the relation 𝑘𝑘 = 2𝜋𝜋𝑛𝑛𝜆𝜆𝑠𝑠𝑖𝑖𝑛𝑛𝜃𝜃, where 𝑛𝑛 is the 
index of the hemispherical prism used during the measurements in Kretschmann-Raether 
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geometry, we can calculate the corresponding wave-vectors and plot the experimental 
dispersion relation. ATR was actually measured for angles ranging from 56° up to 76° in 
order to get more points in the dispersion curves. Figure 5.3 presents the dispersion relations 
of the interacting system. These relations are obtained using the results of the ATR 
measurements, the dispersion relation of the uncoupled vibration (in solid line), and that of 
the uncoupled surface plasmon polariton (in dashed line). 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Experimental TM- and TE- polarized ATR spectra of a PVMK/silver hybrid 

structure in the strong coupling regime. The silver and PVMK layer thickness 
is 29 and 965 𝑛𝑛𝑚𝑚, respectively. The angle of incidence changes for all curves 
from 𝜃𝜃 = 60° to 68° in steps of 2° (bottom to top). UB: upper branch. LB: lower 
branch. Dashed lines follow the ATR minima. The dotted line marks the 
molecular resonance frequency 𝜔𝜔0 (modified from [80]). 

 

From Figure 5.3 we can notice the presence of two branches that are not crossing. The 
minimum energy separation between the two branches is 13 𝑚𝑚𝑒𝑒𝑛𝑛. This minimum is located 
at 𝑘𝑘 = 1.32 × 106 𝑚𝑚−1, and corresponds to the crossing of the dispersion relations of the 
decoupled SPP and vibration. This is called resonance. Finally, the solid line corresponding 
to the energy of the uncoupled vibration and the dotted line corresponding to the dispersion 
of the uncoupled surface plasmon polariton do not intersect either of the two branches. The 
lower branch starts near the dispersion of the uncoupled SPP and then bends down 
approaching the molecular resonance. The upper branch starts closer to the molecular 
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resonance and evolves to the uncoupled SPP dispersion for higher wave vectors. The 
corresponding reflection at the vibration energy is almost constant and equals to maximum 
signal whatever the angle of incidence (see Figure 5.2). There is no absorption of energy, 
neither by excitation of the vibration nor by creation of an SPP. The branches obtained 
experimentally are clearly the result of the anti-crossing between the vibration in the polymer 
and the silver surface plasmon polariton. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Dispersion relation of a PVMK/Silver hybrid structure in the strong coupling 

regime The silver and PVMK layer thickness is 29 and 965 𝑛𝑛𝑚𝑚, respectively. 
Circles: experimental ATR minima. UB: upper branch (blue). LB: lower branch 
(red). Middle branch (black). Full line: dispersion of the molecular resonance. 
Dashed line: dispersion of the SPP calculated without molecular resonance. 
Dotted curves: light line in air (black) and PVMK (red) (modified from [80]). 

               
 
The anti-crossing of dispersion relations and the crossing of widths at half maximum are 
characteristic of the strong coupling between surface plasmon polaritons and the vibrations. 
The eigenstates of the system are no longer the uncoupled vibration and SPP. There is 
formation of new states of energy, mixtures of the two initial states (i.e. a hybrid system is 
created). These are the new eigenstates of the interacting system. The Rabi splitting, i.e. the 
difference in energy between these two new states at resonance (13 𝑚𝑚𝑒𝑒𝑛𝑛), characterizes the 
strength of the coupling. These experiments therefore show for the first time that a strong 
coupling regime can be achieved between surface plasmon polaritons and molecular 
vibrations. 
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We have measured ATR spectra for samples with different PVMK layer thicknesses. The 
thickness of the polymer layer was adjusted by varying the concentration of the polymer 
solution and the rotation speed during the spin-coating process. From the measured 
reflectometry spectra, we reconstruct the dispersion curve as described in the previous 
paragraph in order to determine the Rabi splitting. Because the number of experimental data 
points is limited, we determined the splitting after interpolating the dispersion points of the 
upper and lower polariton branch. Results of these mesurements will be presented in the next 
section. 
 
 

5.2  Simulation and results discussion 
This section focuses on numerical simulations of all obtained experimental results as well as 
the demonstration of strong coupling. The first and second subsections are respectively 
devoted to the simulation of reflectometry spectra by TRMA calculations and the simulation 
of the dispersion relations using linear dispersion theory. We will also discuss, in the second 
part, the dependence of the Rabi splitting with the thickness of the molecular layer. The last 
part will be dedicated to demonstrating the strong coupling phenomena based on 
experimental and theoretical arguments. 
 

5.2.1 Reflectometry/ATR spectra simulation 
The Transfer Matrix (TRMA) method (see Chapter 2, section 2.3) was used to simulate and 
fit the experimentally measured reflectometry spectra. The simulation depends on the angle 
of incidence in the prism, the wavelength of the incident light, the thickness of the layers 
and the respective dielectric constants. 
 
PVMK layer: The dielectric constants of these thin films were obtained by transmission 
experiments: see chapter 3, section 3.3.3. We will simply mention again the values we found: 

𝜀𝜀𝑆𝑆𝑉𝑉𝑀𝑀𝑃𝑃(𝜔𝜔) = 𝜀𝜀𝑏𝑏 �1 +
𝐴𝐴

𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔𝛾𝛾
�                                            (5.21) 

 
with background dielectric constant 𝜀𝜀𝑏𝑏 = 2.5, the resonance frequency 𝜔𝜔0 = 0.2119 𝑒𝑒𝑛𝑛, the 
transition strength parameter 𝐴𝐴 = 298 𝑚𝑚𝑒𝑒𝑛𝑛2 and the dissipation rate 𝛾𝛾 = 1 𝑚𝑚𝑒𝑒𝑛𝑛. 
 
Silver layer: The dielectric constant of silver is taken from the bibliography [43]: 

𝜀𝜀𝑠𝑠𝑖𝑖𝑝𝑝𝑠𝑠𝑒𝑒𝑎𝑎(𝜔𝜔) = 𝜀𝜀𝑏𝑏 −
𝜔𝜔𝑝𝑝2

𝜔𝜔(𝜔𝜔 + 𝑖𝑖Γ𝑝𝑝)
                                                             (5.22) 

    

with background dielectric constant 𝜀𝜀𝑏𝑏 = 3.7, 𝜔𝜔𝑝𝑝 = 9.2 𝑒𝑒𝑛𝑛 the plasma frequency and Γ𝑝𝑝 =
26 𝑚𝑚𝑒𝑒𝑛𝑛 the electron scattering rate. 
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Calcium fluoride prism: The dielectric constant of calcium fluoride is extracted from 
reference [92] and was given as an interpolation into the simulations. 
 
Using the experimental parameters from the previous section (polymer layer 965nm, silver 
layer 29nm) and the materials dielectric constant, we tried to reproduce the experimental 
ATR spectra plotted in Figure 5.2. Some of the obtained simulation results are plotted in 
Figure 5.4 where we can see that the position of the ATR minima in theory agrees well with 
the experimental data. However, the amplitude and width of the features cannot be 
reproduced. The used parameters for the simulation assumed a perfect experimental setup 
and ignored any measurement errors. Nonetheless, experimental errors are actually always 
present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: TM-polarized ATR spectra of a PVMK/silver hybrid structure in the strong 

coupling regime. The silver and PVMK layer thickness is 29 and 965 𝑛𝑛𝑚𝑚, 
respectively. Full curves: experimental spectra. Dashed curves: corresponding 
TRMA calculations. The angle of incidence changes for all curves from 𝜃𝜃 = 62° 
to 66° in steps of 2° (bottom to top). 

 

One parameter that plays a very important role in the shape of the features is the angular 
spread. To account for the angular spread of the excitation beam in the TRMA calculations, 
we considered a superposition of 80 spectra calculated for different angles of incidence. Each 
spectrum is weighted by a Gaussian function 𝐺𝐺(𝜃𝜃) centred at the experimental angle of 
incidence 𝜃𝜃 and with a standard deviation of 1.75: 
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𝐺𝐺(𝜃𝜃) =
1

𝜎𝜎√2𝜋𝜋
� exp�−

(𝜃𝜃 − (𝜃𝜃 + 𝑛𝑛
80 𝜇𝜇))2

2𝜎𝜎2
�

80

𝑛𝑛=−80

  (5.23) 

with 𝜎𝜎 = 1.75 and 𝜇𝜇  = 10. Good agreement between experiment and theory is then obtained, 
as seen in Figure 5.5. The spectral width of both branches is thus governed by the angular 
spread of the excitation beam and not by the intrinsic decay rate. For an angle of incidence 
𝜃𝜃 = 60°, we observe that the low energy feature in theory is broader than the low energy 
feature obtained experimentally. The justification for this difference is that we have been 
ignoring the presence of any other vibration in the polymer except the carbonyl stretch 
vibration. However, this does not describe the reality because the PVMK polymer contains 
many other vibrations in the low energy side as it can be seen from its measured transmission 
spectra in Figure 3.8 (Chapter 3, section 3.3.3) and the surface plasmon polariton is also 
coupling to these vibrations that we ignored in the simulations. 

Figure 5.5: TM-polarized ATR spectra of a PVMK/silver hybrid structure in the strong 
coupling regime. The silver and PVMK layer thickness is 29 and 965 𝑛𝑛𝑚𝑚, 
respectively. (a) Experimental spectra. (b) Corresponding TRMA calculations 
taking into account an angular spread of 1.75°. The angle of incidence changes 
for all curves from 𝜃𝜃 = 62° to 66° in steps of 2° (bottom to top). UB: upper 
branch. LB: lower branch. Dashed lines follow the ATR minima. The dotted 
line marks the molecular resonance frequency 𝜔𝜔0 (adapted from [80]). 
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5.2.2 Dispersion relation simulation 
In order to understand the hybridization scenario in more details, we consider the dispersion 
relation of SPPs in our hybrid structure (air/PVMK/silver). For two planar adjacent 
interfaces separated by a distance d, the dispersion relation is provided by the implicit 
expression (Eq. 2.31 from chapter 2, section 2.3): 
 

𝑒𝑒−2𝑖𝑖1𝑑𝑑 =
𝑘𝑘1 𝜀𝜀1⁄ + 𝑘𝑘2 𝜀𝜀2⁄
𝑘𝑘1 𝜀𝜀1⁄ − 𝑘𝑘2 𝜀𝜀2⁄  

𝑘𝑘1 𝜀𝜀1⁄ + 𝑘𝑘3 𝜀𝜀3⁄
𝑘𝑘1 𝜀𝜀1⁄ − 𝑘𝑘3 𝜀𝜀3⁄                                               (5.24) 

 
with 𝜀𝜀1 the dielectric function of the PVMK film of thickness 𝑑𝑑, 𝜀𝜀2 the Drude function of 
silver and 𝜀𝜀3 = 1 the dielectric function of air. The out of plane wave vector component 

𝑖𝑖𝑘𝑘𝑗𝑗(𝜔𝜔,𝑘𝑘) results from 𝑘𝑘𝑗𝑗(𝜔𝜔,𝑘𝑘) = �𝑘𝑘2 − 𝑘𝑘02𝜀𝜀𝑖𝑖 for 𝑖𝑖 = 1,2,3, where 𝑘𝑘0 = 𝜔𝜔 𝑐𝑐⁄ . 
 
     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Dispersion relation of a PVMK/Silver hybrid structure in the strong coupling 

regime (𝑑𝑑 = 965 𝑛𝑛𝑚𝑚). UB: upper branch (blue). LB: lower branch (red). Middle 
branch (black). Circles: Experimental ATR minima. Full curves: Dispersion 
calculated with the molecular resonance. Dashed line: dispersion of the SPP 
calculated without molecular resonance. Dotted curves: Light line in air (black) 
and PVMK (red). Inset: The configuration analyzed theoretically (adapted from 
[80]). 
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The observed ATR minima of the hybrid sample are plotted in Figure 5.6 together with the 
calculated dispersion relation. All branches observed in the experiment are reproduced by 
the numerical calculations. Far below the molecular resonance frequency, the dispersion of 
the lower branch is identical to that of the uncoupled SPP. When approaching the molecular 

resonance, the dispersion curve bends down and eventually ends up at 𝜔𝜔0 for infinitely large 
in-plan wave vector. The upper branch evolves inside the light cone and merges with the 
uncoupled SPP dispersion for larger in-plane wave vectors. 
 
We mentioned at the end of the previous section that ATR measurements were performed 
for different PVMK layer thicknesses, dispersion curves were reconstructed and the Rabi 
splitting was determined. We also theoretically calculated the dispersion curves considering 
different polymer thicknesses between 500 𝑛𝑛𝑚𝑚 and 1.8 𝜇𝜇𝑚𝑚, and extract the theoretical Rabi 
splitting. Figure 5.7 depicts the energy splitting as a function of the PVMK layer thickness 
𝑑𝑑. Again, the experimental data agree well with the numerical calculations. The energy 
splitting increases for thicker molecular films, but already at 𝑑𝑑 > 1000 𝑛𝑛𝑚𝑚 saturation sets in 
and the splitting approaches the value of a hybrid structure with an infinitely thick molecular 
layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Dependence of the energy splitting on the molecular film thickness. Red circles: 

experimental results. Dashed line: calculated from Eq. 5.24. Dotted line:    
splitting of a hybrid structure with an infinitely thick PVMK layer calculated 
from Eq. 4.24 with 𝜀𝜀1 = 𝜀𝜀3 = 𝜀𝜀𝑆𝑆𝑉𝑉𝑀𝑀𝑃𝑃(𝜔𝜔) (adapted from [80]). 
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5.2.3 Results discussion 
Using linear dispersion theory of a Metal/Dielectric half-space system [42] and the analysis 
of section 5.1, we get the complex energies of the upper (+) and lower (−) branches in 
resonance: 
 

𝜔𝜔± = 𝜔𝜔0 − 𝑖𝑖
γ
2
− 𝑖𝑖

γ𝑆𝑆𝑆𝑆𝑆𝑆
2

±
1
2
�𝐴𝐴 − (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2                               (5.25) 

  

 
with 𝜔𝜔0, 𝐴𝐴 and γ being again the molecular parameters of Eq. 5.21 as well as γ𝑆𝑆𝑆𝑆𝑆𝑆 the 
dissipation rate of the uncoupled SPP. If 𝐴𝐴 < (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2, the system is in the weak coupling 
regime and only the dissipation is modified. A finite energy splitting ∆𝜔𝜔 = 𝜔𝜔+ − 𝜔𝜔− in Eq. 
4.25 is obtained if 𝐴𝐴 > (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2, observable in the experiment if the splitting is larger than 
the spectral width of the branches, i.e. ∆𝜔𝜔 > γ + γ𝑆𝑆𝑆𝑆𝑆𝑆. This gives the condition for the strong 
coupling regime. While the splitting in resonance (in the studied system at 𝑘𝑘 = 1.32 ×
106 𝑚𝑚−1) can be easily derived from the ATR minima to be 13 𝑚𝑚𝑒𝑒𝑛𝑛, the spectral width of 
the branches needs to be carefully interpreted to conclude on the dissipation rate. First, as 
already stressed above, the branches are substantially broadened by the angular spread of 
the excitation beam. Second, since the spectra are collected at fixed 𝜃𝜃, the features are further 
broadened compared to fixed wave vector scans. And third, resonance is achieved at an angle 
of 𝜃𝜃 ≈ 60° and 𝜃𝜃 ≈ 68° for upper and lower branch, respectively. Nevertheless, the spectral 
width of about 3 𝑚𝑚𝑒𝑒𝑛𝑛 found on the bare experimental spectra is still clearly smaller than the 
splitting. A value of ∆𝜔𝜔 = 17 𝑚𝑚𝑒𝑒𝑛𝑛 is derived when inserting the molecular parameters and 
the estimated dissipation rate of the SPP (γ𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 2 𝑚𝑚𝑒𝑒𝑛𝑛) into Eq. 5.25, which is slightly 
larger than the experimental result because of the finite molecular layer thickness of our 
hybrid structure. The above findings consistently evidence strong coupling of SPPs and 
molecular vibrations. 
 
The hybridization scenario is also evident from the dissipation rate (𝐼𝐼𝑚𝑚(𝜔𝜔)) of the branches 
depicted in Figure 5.8 (a). For small wave vector values, the damping of the lower branch is 
identical to that of the uncoupled SPP. But when 𝑅𝑅𝑒𝑒(𝜔𝜔) draws near 𝜔𝜔0 the admixture of a 
vibrational component manifests in an increase of 𝐼𝐼𝑚𝑚(𝜔𝜔) eventually coinciding with the 
molecular damping for 𝑘𝑘 → ∞. 𝐼𝐼𝑚𝑚(𝜔𝜔) of the upper branch, on the other hand, is identical to 
γ at 𝑘𝑘 = 0. It quickly approaches the dissipation rate of the SPP when the wave vector is 
increased albeit a weak back-bending appearing when 𝑅𝑅𝑒𝑒(𝜔𝜔) crosses the air-light line. The 
field penetration of upper and lower branch into air remains always finite for 𝑘𝑘 > 0 
demonstrating evanescent character of the hybrid species (Figure 5.8 (b)). 
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Figure 5.8: simulated dispersion relation of a PVMK/Silver hybrid structure in the strong 

coupling regime. UB: upper branch (blue). LB: lower branch (red). (a) The 
calculated dissipation rate (𝐼𝐼𝑚𝑚(𝜔𝜔)). Full curve: With the molecular resonance. 
Dashed curve: Without the molecular resonance. Dotted line: The molecular 
dissipation rate. (b) Calculated penetration depths into air (1/𝑅𝑅𝑒𝑒(𝑘𝑘3)). The 
dispersion relation is calculated from Eq. 5.24 (adapted from [80]). 

 

 
5.3 Thermal emission of the hybrid states 
 
Strong light-matter coupling was studied not only based on reflectance measurement but also 
by examining the luminescence from hybrid systems [93]. Additionally, emissivity from a 
strongly coupled polymer using thermal excitation was demonstrated [94]. The studied 
materials in this work are nonluminescent. Therefore, we opt to use thermal excitation in 
order to learn more about the nature of the newly created hybrid states by measuring and 
analyzing their thermal emission. 
 
Thermal emission measurements of the hybrid system were conducted to reproduce the anti-
crossing behavior in the dispersion relation as revealed from attenuated-total-reflection 
measurements. The thermal luminescence properties of upper and lower polariton branches 
were further investigated by varying the temperature. In this section we will introduce the 
experimental setup and details used during the different measurements. Then we will present 
the obtained results and discuss them. 
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5.3.1 Experimental details 
Emission measurements in Kretschmann-Raether configuration, which uses a calcium fluoride 
hemicylindrical prism as decoupling medium were conducted and collected for different 
temperatures between 360K and 440K in transverse magnetic polarization. We first measured 
the emission of the isolated vibration after depositing the polymer directly on a calcium 
fluoride substrate without silver layer, then the sample is heated and the emission signal is 
collected at a fixed angle of collection. The resulting emission is presented in Figure 5.9. All 
vibrations observed in transmission are also reproduced in the thermal emission spectrum as 
expected from Kirchhoff’s law [95] in a system with a Boltzmann occupancy of excited states. 
For the hybrid sample we vary the angle of collection, as depicted in Figure 5.10. The 
collection angle is varied in steps of 2 degrees as for the ATR measurements. 
The surface plasmon polariton cannot be seen if we have a bare silver/air interface. We also 
tried heating silver, but we observe a quick color change indicating the destruction of the 
layer. This was confirmed by the absence of the hybrid features after spin coating a PVMK 
layer on top of the silver and conducting ATR measurements. Heating the hybrid sample 
many times would also lead to the destruction of the polymer layer as well as the metallic 
layer. For this reason, we always measure ATR first before measuring any emission spectra. 
To verify the quality of the layers after heating, we re-measure ATR to check if coupling 
between the SPP and the molecular vibration is still present. When coupling becomes weak 
or is no more present, we clean the prism by removing the polymer and silver layer, evaporate 
a new silver layer and spin coat a new polymer film preparing for the next measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Measured emission spectrum (red curve) of a PVMK layer deposited on 

calcium fluoride and heated at 140°C and the corresponding transmission 
spectrum (black curve) measured before heating. 
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Figure 5.10: Schematics of the thermal emission measurements in Kretschmann-Raether 

configuration using a calcium fluoride hemi-cylindrical prism as decoupling 

medium. The out-plane vector 𝑘𝑘 = 𝑖𝑖
𝑐𝑐 �𝜀𝜀𝐶𝐶𝑎𝑎𝐹𝐹2 sin𝜃𝜃 is experimentally defined by 

the collection angle 𝜃𝜃. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: Ratio of different spectrometer measured background signals (background 2 

and 3) to a reference background signal. All background signals were measured 
during the same set of measurements. 

 
 
The background emission of the spectrometer, is huge compared to the emission signal 
coming from the bare prism or the hybrid states. That is why it is essential to remove this 

𝜃𝜃 
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background signal. For every set of measurements, we measure the background signal of the 
spectrometer and the emission from a clean prism at the beginning. However, to get the 
emission of the hybrid states we directly remove the emission of the prism, because when 
measuring the emission of the prism we get a signal also containing the background of the 
spectrometer. Here we suppose that the background emission of the spectrometer is constant 
for every set of measurements, which is not completely the case as it can be seen from Figure 
5.11. The overall change is quite small. However, by comparing it to the intensity of the 
hybrid states emission, we see that the difference can play a role, especially, if we want to 
study the intensity of the emitted hybrid signals.

5.3.2 Results discussion 
From the emission spectra of the hybrid sample, we observe two maxima (Figure 5.12 (a)) 
appearing on the low and high energy side of the carbonyl vibration. Moreover, the 
corresponding dispersion points obtained from the measured emission spectra (Figure 5.12 
(b)) reproduce the anti-crossing behavior in the dispersion relation as revealed from the 
attenuated-total-reflection measurements. By varying  the collection angle, we vary 𝜔𝜔 and 𝑘𝑘. 
So if we consider that we have an error on the angle (which is actually the case because the 
used optics are not perfect) then we would get an error on 𝜔𝜔 and 𝑘𝑘 also. 𝜔𝜔 and 𝑘𝑘 can also 
be calculated knowing the collection angle and reading the maxima positions. Of course we 
also introduce a small error when reading the maxima positions, and so we get an additional 
error in the calculated 𝑘𝑘 and 𝜔𝜔. This can explain the differences between the dispersion 
points obtained from the measured emission and the ones obtained from the corresponding 
ATR measured spectra. 
Three points (I, II and III) are marked on the dispersion curve. Point I corresponds to the 
maximum on the high energy side in the emission spectrum with collection angle 58°, i.e. the 
upper polariton branch near resonance. Point II corresponds to the maximum on the low 
energy side in the emission spectrum with collection angle 66°, i.e. the lower polariton branch 
near resonance. Point III corresponds to the maximum on the high energy side in the emission 
spectrum with collection angle 66°, i.e. the upper polariton branch far from resonance. The 
behavior of these three points as function of temperature will be studied in the next 
paragraphs. 
 
We will now vary the temperature of the sample and collect the emitted signal keeping the 
same collection angle (60° for the polymer emission, 58° for point I and 66° for points II and 
III). Unlike the position of the maxima, the intensity of the signal is bound to changes. The 
emitted signal is so week that it is not so easy to resolve the maxima for very low temperature, 
especially that we have a huge emission coming from the prism. For this reason, we do not 
have data points for very low temperatures. 
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(a)                                                          (b) 

 
 
Figure 5.12: (a) measured TM polarized thermally emitted spectra of a PVMK/silver hybrid 

structure in the strong coupling regime heated at 140°C. Dashed lines follow 
the emission maxima. Dotted line marks the carbonyl vibration position. (b) 
Dispersion relation of a PVMK/Silver hybrid structure in the strong coupling 
regime. Blue circles: experimental ATR minima. Red circles: experimental 
emission maxima. Full curves: calculated dispersion. 

 
 
The polymer emission was measured for different temperatures ranging from 87°𝐶𝐶~360𝐾𝐾 up 
to 146°𝐶𝐶~420𝐾𝐾 in order to study the isolated vibration behavior as function of temperature. 
The emitted spectra for three different temperatures are plotted in Figure 5.13 together with 
the intensity of the carbonyl vibration emission as function of the temperature. The isolated 

vibration is expected to follow an exponential increase with Boltzmann's factor 𝑒𝑒𝑖𝑖0 𝑖𝑖𝐵𝐵𝑇𝑇⁄  where 
𝜔𝜔0 is the frequency of the carbonyl vibration, 𝑘𝑘𝐵𝐵 is Boltzmann’s and 𝑇𝑇 is the sample 
temperature, i.e. heating temperature because the sample is in thermal equilibrium with the 
heater. If temperature increases from 360𝐾𝐾 to 420𝐾𝐾, Boltzmann's factor yields an increase 

of  𝑒𝑒𝑖𝑖0 𝑖𝑖𝐵𝐵∗420⁄ / 𝑒𝑒𝑖𝑖0 𝑖𝑖𝐵𝐵∗360⁄ ~2.65, which is very close to the value that we get experimentally 
of ~2.7. This result seems to be consistent with our expectations (less than 2% difference). 
However, due to missing data points for lower temperatures, the exponential behavior could 
not be entirely confirmed experimentally. 

00 
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Figure 5.13: Measured TM polarized thermally emitted spectra of a PVMK film heated at 
different temperatures. The dashed line marks the carbonyl vibration. Inset: 
intensity of the carbonyl vibration emission as function of temperature. 

 
 
The hybrid sample emission was measured at different temperatures ranging from 
86°𝐶𝐶~359𝐾𝐾 up to 142°𝐶𝐶~415𝐾𝐾, for a fixed collection angle of 58° in order to study the 
behavior of point I in the dispersion curve and for a fixed collection angle of 66° in order to 
study the behavior of points II and III in the dispersion curve. From fluctuational 
electrodynamics theory we expect the emission of points I, II and III to follow the same 
exponential law as the isolated vibration [94]. For a temperature increase from 359𝐾𝐾 to 415𝐾𝐾, 

Boltzmann's factor yields an increase of  𝑒𝑒𝑖𝑖𝑖𝑖 𝑖𝑖𝐵𝐵∗415⁄ / 𝑒𝑒𝑖𝑖𝑖𝑖 𝑖𝑖𝐵𝐵∗359⁄ , where 𝜔𝜔𝑖𝑖 is the frequency at 
point 𝑖𝑖 for 𝑖𝑖 = I, II, III. For 𝜔𝜔𝐼𝐼 = 0.218 𝑒𝑒𝑛𝑛, we get a theoretical increase of ~2.58, an 
experimental increase of ~2.29 and a difference of ~11% . For 𝜔𝜔𝐼𝐼𝐼𝐼 = 0.206 𝑒𝑒𝑛𝑛, we get a 
theoretical increase of ~2.46, an experimental increase of ~2.07 and a difference of ~16%. 
For 𝜔𝜔𝐼𝐼𝐼𝐼𝐼𝐼 = 0.254 𝑒𝑒𝑛𝑛, we get a theoretical increase of ~3.03, an experimental increase of ~2.78 
and a difference of ~8%. The difference between the expected and experimentally obtained 
increase in intensity can be explained by having a weak emission signal and at the same time 
a huge background signal coming from the spectrometer. Actually we observe here the pure 
signal coming from the hybrid sample, i.e. after subtracting the spectrometer background 
signal which is not really constant as mentioned previously. The fluctuations of the 
background signal can then introduce an error when calculating the pure emission of the 
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hybrid. Figure 5.14 illustrates the intensity of the emitted signal for points I, II and III as 
function of temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: Measured intensity of the emission signal at dispersion points I, II and III as 

function of heating temperature extracted from TM polarized thermally 
emitted spectra of a heated PVMK/silver hybrid structure in the strong 
coupling regime after removing the background emission of the spectrometer. 

 
 
The thermal emission of the hybrid structure per surface area 𝐴𝐴 can also be described 
theoretically and extracted from fluctuation electrodynamics [96] using reference [97] (section 
IX A) and expressed as function of the temperature 𝑇𝑇 as: 

𝐻𝐻(𝑇𝑇)
𝐴𝐴

 =
ℏ
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with the spectral flux being: 
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Where ℏ is Planck’s constant, 𝑟𝑟𝛼𝛼
(𝐿𝐿) is the Fresnel reflection coefficient for outgoing waves to 

the left of object 𝛼𝛼, 𝜕𝜕𝛼𝛼
(𝑅𝑅) is the Fresnel transmission coefficient for outgoing waves to the right 

of object 𝛼𝛼 with 𝛼𝛼 being the polymer or the silver layer, and 𝚯𝚯 is the step function. 
 



 5.4  Summary and outlook

Points I and II have a similar emitted intensity; however, point III has a lower curve. This 
can be explained by the different nature of the branches: I and II are both near resonance 
and so they have a similar polaritonic nature. Conversely, point III is far away from resonance 
and has a more plasmonic nature. Further investigations of the intensity increase slopes can 
be of interest to understand more the nature of the different branches and to discuss how 
the polariton emits more efficiently than the plasmon, i.e. the blue curve in Figure 5.14 is 
lower than the other two, for example, using Far-field emission by measuring from the other 
side of the sample. This is however beyond the scope of this work. 

5.4 Summary and outlook 

In this chapter, we have demonstrated strong coupling of surface plasmon polaritons and 
molecular vibrations in an organic/inorganic plasmonic hybrid structure consisting of PVMK, 
a ketone-based polymer, deposited on top of a silver layer. Attenuated-total-reflection spectra 
of the hybrid reveal an anticrossing in the dispersion relation in vicinity of the carbonyl 
stretch vibration of the polymer with an energy splitting of upper and lower polariton branch 
up to 14 𝑚𝑚𝑒𝑒𝑛𝑛. Thermal emission from the hybrid system was also measured in which the 
observed maxima in the spectra reproduce the anti-crossing behavior in the dispersion 
relation as revealed from the ATR measurements. 

This new electromagentic/ vibrational eigenstate is not only interesting from a fundamental 
point-of-view but also of direct practical relevance. It has been demonstrated that 
hybridization of microcavity photons and excitons in organic compounds offers the possibility 
to modify chemical reaction rates [12]. Recently, the same concept has been also applied to 
molecular vibrations [98, 99]. By coupling to SPPs instead of microcavity photons, this 
approach can be transferred into a large-area and a geometrically simple setting. The scenario 
is not restricted to the stretch vibration of the carbonyl group and any infrared active 
vibrational transition with strong optical dipole moment could be targeted. The modification 
of intra-molecular relaxation rates is also of immediate interest for optoelectronic 
functionality. Moreover, vibrational energy, otherwise localized on a single molecule or side 
group, can now be coherently transported along the surface for triggering electronic processes 
like exciton dissociation.
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6    Hybridization with SPPs of tunable 
semiconductors 

 
In the previous chapter, we have demonstrated the strong coupling regime between an SPP 
propagating at a silver/polymer interface and a carbonyl stretch vibration. We believe that 
using a heavily doped semiconductor [30] where the surface plasmon frequency can be tuned 
into resonance with any molecular resonance through free-electron concentration adjustment 
[74] (see chapter 3, section 3.3.1) would give additional degrees of freedom than when using 
a traditional metal. 
 
The following chapter presents a study of a hybrid sample consisting of a PVMK layer spin-
coated on top of a ZnGaO layer in Otto configuration. The first part focuses on the sample 
properties and characteristics. In the second part, the experimental findings are presented, 
numerically simulated and analyzed. The focus is to investigate the interaction between an 
SPP of a heavily doped semiconductor and a molecular vibration. 
 
 

6.1  Sample properties 
This section is devoted to the presentation of the sample design, the relevant experimental 
details and the main optical properties of the single constituents of the hybrid sample. 
 

6.1.1 Design and experimental details 
The metallic component consists of a ZnGaO layer with a thickness of 1.14 𝜇𝜇𝑚𝑚 grown on a 
sapphire substrate by Dr. Sergey Sadofev using molecular beam epitaxy (see Chapter 3, 
section 3.1.1 and 3.3.1). The quality of the layer was characterized by in situ reflection high-
energy electron diffraction and post-growth high-resolution x-ray diffraction. The doping 
level was controlled by secondary ion mass spectroscopy in combination with Hall 
measurements and was adjusted, for the present study, to achieve a free-carrier concentration 
of about 2.2 × 1020  𝑐𝑐𝑚𝑚−3 such that the air/ZnGaO surface plasmon frequency exceeds the 
resonance frequency of the molecular vibration that will be targeted for coupling with the 
SPP. The used ZnGaO layer structure is depicted in Figure 6.1. The PVMK polymer is used 
as organic component, and its carbonyl stretch vibration will be targeted. Polymer films are 
spin-coated from a PVMK/chloroform solution on top of the ZnGaO layer to form the hybrid 
structure. 
Attenuated-total reflection (ATR) measurements are performed in Otto configuration with a 
polished Zinc Selenide (ZnSe) hemisphere as a coupling medium. A high-pressure spring is 
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used as a mounting basis for the samples in order to achieve intimate contact between sample 
surface and basis of the hemisphere. This procedure results in a remaining air gap that is 
typically 200–500 nm thick. This order of magnitude can be derived from the interference 
fringes observed on the backside of the sapphire substrate. A measured reflectivity spectrum 
of the sole ZnSe hemisphere is used as reference to get absolute reflectivity spectra of the 
measured samples. 
 
 
 
 
 
 
 
Figure 6.1: Structure of the investigated ZnGaO sample. A ZnO thin nucleation layer is 
                 needed to avoid chemical bonding of Ga(O) with the wafer. 
 

6.1.2 Sample characterization 
The PVMK polymer was characterized by measuring its transmission spectrum and fitting 
it with TRMA calculations in order to obtain the dielectric constant describing the polymer 
thin films. The corresponding transmission spectrum and dielectric function can be found in 
Chapter 3, section 3.3.3. 
ATR measurements are used to characterize the sole ZnGaO layer before spin coating any 
polymer layer on top. The spectra are featureless in TE polarization. However, they clearly 
reveal the excitation of surface plasmon polaritons at the air/ZnGaO interface by occurrence 
of a broad and pronounced minimum in TM polarization, as it can be seen in Figure 6.2 (a). 
The spectra are well reproduced by transfer matrix calculations taking into account the ZnSe 
hemisphere as semi-infinite medium (𝜀𝜀𝑧𝑧𝑛𝑛𝑆𝑆𝑒𝑒 = 5.90), the air gap, the ZnGaO film, as well as 
the sapphire substrate again as semi-infinite medium (𝜀𝜀𝑠𝑠𝑎𝑎𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑎𝑎𝑒𝑒 = 2.89). The permittivity of 
ZnGaO is described by Drude’s dielectric function [100]: 

𝜀𝜀𝑍𝑍𝑛𝑛𝑍𝑍𝑎𝑎𝑍𝑍(𝜔𝜔) = 𝜀𝜀𝑏𝑏 −
𝜔𝜔𝑝𝑝2

𝜔𝜔(𝜔𝜔 + 𝑖𝑖Γ𝑝𝑝)
                                                          (6.1) 

with the background contribution 𝜀𝜀𝑏𝑏 = 3.7 of pure ZnO, 𝜔𝜔𝑝𝑝 = 1.02 𝑒𝑒𝑛𝑛 the plasma frequency, 
and Γ𝑝𝑝 = 96 𝑚𝑚𝑒𝑒𝑛𝑛 the electron scattering rate. Applicability of this dielectric function in the 
mid-infrared spectral range has been verified previously through reflection and transmission 
measurements on a large set of ZnGaO samples [75] as well as Hall-mobility measurements 
to deduce the scattering rate. Therefore, the dielectric-function parameters used in this work 
are reliable. The only parameter not precisely known in the Otto ATR configuration is the 
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air gap, which is fine adjusted for every series of measurements such that experimental and 
calculated SPP minima match best. 
 

(a)                                                (b) 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2: Characteristics of the ZnGaO layer. (a) ATR spectra of the sole ZnGaO layer 
in TM polarization at three selected angles of incidence (from top to bottom: 
𝜃𝜃 = 56°, 52°, 48°). Continues black curves: experiment. Dashed red curves: 
TRMA calculations. Inset: Schematics of the ATR configuration. (b) SPP 
dispersion relation. Dots: experimental ATR minima. Full curves: calculated 
half-space dispersion 𝑅𝑅𝑒𝑒(𝜔𝜔) from Eq. 6.3 with 𝜀𝜀𝑑𝑑 = 1 (black) for the air/ZnGaO 
interface and 𝜀𝜀𝑑𝑑 = 2.5 (red) for the PVMK/ZnGaO interface. The dotted black 
line represents the light line in air. The dashed red line represents the resonance 
frequency of the carbonyl stretch vibration 𝜔𝜔0. Inset: dissipation rate 𝐼𝐼𝑚𝑚(𝜔𝜔). 
The grey area highlights the wave vector region in which resonance between 
SPP and vibrational transition can be expected. 

 
 
The observed ATR minima of ZnGaO are plotted in Figure 6.2 (b) as a function of the in-

plane wave vector 𝑘𝑘 = 𝑖𝑖
𝑐𝑐 �𝜀𝜀𝑍𝑍𝑛𝑛𝑆𝑆𝑒𝑒 sin𝜃𝜃. The data points are located clearly right of the photon 

line (𝜔𝜔 = 𝑐𝑐𝑘𝑘) and agree reasonably well with the SPP dispersion relation numerically 
calculated from (see reference [42]): 
    

[𝜀𝜀𝑑𝑑(𝜔𝜔) + 𝜀𝜀𝑍𝑍𝑛𝑛𝑍𝑍𝑎𝑎𝑍𝑍(𝜔𝜔)]𝑐𝑐2𝑘𝑘2 = 𝜔𝜔2𝜀𝜀𝑑𝑑(𝜔𝜔)𝜀𝜀𝑍𝑍𝑛𝑛𝑍𝑍𝑎𝑎𝑍𝑍(𝜔𝜔)                                       (6.2) 
a 
with 𝜀𝜀𝑑𝑑 = 1 for the air/ZnGaO interface. 
An infinitely thick PVMK film without molecular resonance (𝜀𝜀𝑆𝑆𝑉𝑉𝑀𝑀𝑃𝑃 = 2.5, the mid-infrared 
background permittivity) on top of ZnGaO substantially shifts the SPP dispersion to lower 

TM 
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energies. Both plots together with the molecular resonance frequency reveal the wave vector 
region in which resonance between the SPP the carbonyl stretch vibration in the hybrid 
structure can be expected. 
 
 

6.2  Results and interpretation 
In this section, experimentally obtained ATR spectra and the corresponding dispersion points 
for a hybrid structure consisting of a PVMK film spin coated on top of a ZnGaO sample are 
presented together with simulated results using TRMA calculations and linear dispersion 
theory. In addition, the theoretical and experimental conditions of the strong coupling regime 
are discussed in order to evaluate the results obtained experimentally. 
 

6.2.1 ATR spectra and dispersion 
ATR spectra of PVMK/ZnGaO hybrid structures were measured for different PVMK layer 
thicknesses. For molecular layers thinner than approximately 500 nm, the number of carbonyl 
groups within the electric field of the SPP is not large enough to achieve the strong coupling 
regime between the SPP and the molecular vibration, as it can be seen from Figure 6.3 (a). 
The latter depicts TM polarized ATR spectra of a PVMK/ZnGaO hybrid structure with a 
polymer film of 420nm, where the SPP continuously shifts across the molecular resonance 
for increasing wave vector and the vibrational transition always manifests as a dip in the 
spectrum superimposed to the spectrally broad band of the SPP. The experimental data can 
be nicely reproduced by TRMA calculations in Figure 6.3 (b). To confirm that no coupling 
is occurring, we measured the TE polarized ATR spectra depicted in Figure 6.3 (c) where 
the vibrational transition always shows up as a strong dip, similar to the isolated vibration 
in absorption amplitude and width, as if there is no SPP at the PVMK/ZnGaO interface. In 
TM polarization, the vibration is not so strong as the isolated vibration because of the SPP 
broadening. 

For thicker molecular layers, two features comparable to an upper and lower polariton branch 
appear in TM polarized ATR spectra [Figure 6.4 (a)], confirming that an interaction exists 
within the system between the SPP and molecular vibration. The upper branch (UB) shows 
up as a narrow minimum located slightly above the molecular resonance frequency for small 
wave vector values. It shifts to higher energies and broadens significantly with increasing 
wave vector. The lower branch (LB) is already noticeable for smaller energies than those 
shown in Fig. 6.4 (a), but its superposition with the large number of vibrational transitions 
in this spectral range hampers inspection of spectral width and position. Nevertheless, Figure 
6.4 (a) shows that this branch approaches the molecular resonance from the low-energy side 
with a simultaneous decrease in the spectral width. As a third feature, a middle branch with 
almost no detectable dispersion is present around the molecular resonance frequency. We 
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suspect that this branch may arise from the significant difference in damping rates of the 
SPP and the molecular resonance. As it is not critical for this research, it was not further 
investigated. 
 
 
                  (a)                                     (b)                                      (c) 

 
Figure 6.3: ATR spectra of a PVMK/ZnGaO hybrid structure with a PVMK layer thickness 

of 420 nm. (a) Measured TM polarized spectra for selected angles of incidence 
(from top to bottom: 𝜃𝜃 = 40°, 38°, 36°, 34°). (b) Corresponding TRMA 
calculations. (c) Measured TE polarized spectra for selected angles of incidence 
(from top to bottom: 𝜃𝜃 = 47°, 44°, 41°). 

 
 
The TRMA calculated spectra corresponding to the experimental data are plotted in Figure 
6.4 (b). While the signal strength of the branches crucially depends on the exact air gap in 
the ATR configuration, all features with their corresponding dispersion are well reproduced 
in the calculations. For TE polarization, the spectra show only a very weak molecular signal. 
The absence of the strong vibrational absorption confirms once again an interaction between 
the surface plasmon polariton and the molecular vibration which results in hybrid features 
with plasmonic character that can only be observable in TM polarization. 
 
The observed ATR minima of the hybrid sample are depicted in Figure 6.5 (a) together with 
the calculated dispersion relation. All branches observed in the experiment are reproduced 
by the numerical calculations. Far below the molecular resonance frequency, the dispersion 
of the lower branch is identical to that of the uncoupled SPP. When approaching the 

TM TM TE 



6  Hybridization with SPPs of tunable semiconductors 

 84  

molecular resonance, the dispersion curve bends down and eventually ends up at 𝜔𝜔0 for 
infinitely large in-plan wave vector. The upper branch evolves from 𝜔𝜔0 inside the light cone 
and merges with the uncoupled SPP dispersion for larger in-plane wave vector. For the 
present thickness 𝑑𝑑 = 1040 𝑛𝑛𝑚𝑚, the minimum energy splitting between both branches is 
13 𝑚𝑚𝑒𝑒𝑛𝑛. 

(a)                                               (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: TM polarized ATR spectra of a PVMK/ZnGaO hybrid structure with a PVMK 

layer thickness of 1040 nm. (a) Experimental ATR spectra for selected angles of 
incidence (from top to bottom: 𝜃𝜃 = 47°, 44°, 41°, 38°). (b) Corresponding 
TRMA calculations. UB: upper branch. LB: lower branch. Dashed lines follow 
the ATR minima. 

 

The dissipation rate 𝐼𝐼𝑚𝑚(𝜔𝜔) of the branches is depicted in Figure 6.5 (b). For small wave 
vector values, the damping of the lower branch is identical to that of the uncoupled SPP. 
But when 𝑅𝑅𝑒𝑒(𝜔𝜔) draws near 𝜔𝜔0 the admixture of a vibrational component manifests in a 
strong decrease of 𝐼𝐼𝑚𝑚(𝜔𝜔) eventually coinciding with the molecular damping for 𝑘𝑘 → ∞. 𝐼𝐼𝑚𝑚(𝜔𝜔) 
of the upper branch, on the other hand, is almost identical to 𝛾𝛾 inside the light cone but 
quickly approaches the dissipation rate of the SPP when 𝑅𝑅𝑒𝑒(𝜔𝜔) crosses the PVMK-light line. 
The field penetration of upper and lower branch into the PVMK layer remains always finite 
for 𝑘𝑘 > 0 [Figure 6.5 (c)] demonstrating the evanescent character of the hybrid species. 
 
We have also plotted the Rabi splitting as a function of the PVMK layer thickness. Because 
the number of experimental data points is limited, we determined the splitting after 
interpolating the dispersion points of upper and lower polariton branch. As depicted in Figure 

UB UB 

LB LB 
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6.6, the Rabi splitting increases for thicker molecular films but already at thicknesses larger 
than 1500 𝑛𝑛𝑚𝑚 saturation sets in and the Rabi splitting rapidly approaches the value of a 
hybrid structure with an infinitely thick molecular layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: Dispersion relation of a PVMK/ZnGaO hybrid structure with a PVMK 

layer thickness of 1040 nm. UB: upper branch (blue). LB: lower branch (red). 
Middle branch (black). (a) Circles: experimental ATR minima. Full curves: 
dispersion (𝑅𝑅𝑒𝑒(𝜔𝜔)) calculated with molecular resonance. Dashed curve: 
dispersion (𝑅𝑅𝑒𝑒(𝜔𝜔)) calculated without molecular resonance. Dotted curves: light 
line in air (black) and PVMK (red). (b) Calculated dissipation rate (𝐼𝐼𝑚𝑚(𝜔𝜔)). 
Dashed curve: without molecular resonance. Full curve: with molecular 
resonance. (c) Calculated penetration depths into PVMK. 
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Figure 6.6: Dependence of the energy splitting on the molecular film thickness. Red circles: 

experimental results. Dashed line: calculated splitting. Dotted line: calculated 
splitting of a hybrid structure with an infinitely thick PVMK layer. 

 

6.2.2 The strong coupling limit 
From the experimentally plotted dispersion points, we obtain an anti-crossing which is a 
typical experimental signature of the strong coupling regime. In chapter 2, section 2.2, we 
defined experimental and theoretical strong coupling conditions that will be recalled here: 
 
Theoretical condition: 
In order to get the strong coupling regime this relation needs to be verified: 

           𝐴𝐴 > (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2                                                                  (6.3) 
with 𝐴𝐴 being the vibration transition strength parameter, γ  the vibration dissipation rate 
and γ𝑆𝑆𝑆𝑆𝑆𝑆 the dissipation rate of the uncoupled SPP. 
Nonetheless, this condition is not sufficient to experimentally verify the strong coupling 
regime and another experimental requirement is necessary. 
 
Experimental condition: 
In a heuristic interpretation, a system is said to be in the strong coupling regime whenever 
the Rabi splitting Ω𝑅𝑅 is experimentally observable. Furthermore, the Rabi splitting is 
experimentally observable only when it is large enough compared to the linewidths of the 
two coupled systems, which is in our case the linewidth of the molecular vibration and the 
linewidth of the uncoupled SPP. Indeed, the new normal modes would inherit the damping 
from both the SPP and the molecular vibration given by γ + 𝛾𝛾𝑆𝑆𝑆𝑆𝑆𝑆. In other words, the actual 
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Rabi splitting will be clearly visible only if it is also larger than the widths of the new modes, 
implying that: 

Ω𝑅𝑅 >  γ + 𝛾𝛾𝑆𝑆𝑆𝑆𝑆𝑆                                                                             (6.4) 
 
Applying the theoretical condition to the studied hybrid system (𝐴𝐴 = 298 𝑚𝑚𝑒𝑒𝑛𝑛 and γ =
1 meV), Eq. 6.3 becomes: 

17.26 𝑚𝑚𝑒𝑒𝑛𝑛 > |1 𝑚𝑚𝑒𝑒𝑛𝑛 − 𝛾𝛾𝑆𝑆𝑆𝑆𝑆𝑆|                                                                 (6.5) 
 
γ𝑆𝑆𝑆𝑆𝑆𝑆 the linewidth of the uncoupled SPP is unknown. Still, it can be approximated by the 
width of the new features at resonance. Resonance occurs at an angle of incidence 𝜃𝜃~44° for 
low energy side feature and at 𝜃𝜃~38° for the high energy side feature. From the 
experimentally measured ATR spectra, we can read the approximate linewidth at resonance. 
The linewidth of the features at resonance is found to be approximately 13 𝑚𝑚𝑒𝑒𝑛𝑛. This means 
that the minimum value of γ𝑆𝑆𝑆𝑆𝑆𝑆 is  13 𝑚𝑚𝑒𝑒𝑛𝑛, which is actually similar to the experimentally 
obtained energy splitting. Consequently, the experimental condition to observe the Rabi 
splitting is not satisfied, and we cannot confirm that the energy splitting that is observed 
experimentally is the results of a strong coupling regime. 
 
Despite the fact that according to linear dispersion theory a strong coupling regime would 
be achievable, we are not able give a conclusive proof of the existence of a strong coupling 
regime due to the large linewidths of the new normal modes at resonance. The appearance of 
large features can be actually explained by radiative decay arising because of large 
penetration depths. Thus, the new hybrid plasmonic modes penetrate through the polymer 
film, the air gap and then reach the ZnSe hemisphere to finally decouple radiatively out of 
the system. A possible solution is to remove the air gap by using the Kretschmann-Raether 
configuration instead of the Otto configuration. Nevertheless, because the available substrates 
for growth of ZnGaO are not transparent in the relevant spectral range they cannot be used 
as coupling material for Kretschmann-Raether configuration. 
 
 

6.3 Summary and outlook 
 
This chapter has examined a hybrid structure consisting of a PVMK layer deposited on top 
of a ZnGaO layer. The interaction between the surface plasmon polariton of the heavily 
doped semiconductor and the carbonyl stretch vibration of the polymer was investigated 
using experimentally measured attenuated-total-reflection spectra in Otto configuration as 
well as linear dispersion theory. Even though an energy splitting of approximately 13 𝑚𝑚𝑒𝑒𝑛𝑛 
was extracted from the experimental dispersion curves, it was insufficient to justify the 
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existence of strong coupling due to the large linewidths of the new features at resonance 
arising from radiative decay in the present air gap when using Otto configuration. 
Future studies can involve the growth of ZnGaO on substrates that are transparent in the 
mid-infrared region in order to be able to use Kretschmann-Raether configuration and 
eliminate any broadening resulting from radiative decay. The use of a heavily doped 
semiconductor, in which the surface plasmon frequency can be adjusted [71], would enable 
achieving strong coupling at any infrared frequency where a strong optical dipole moment 
could be targeted. Thus, it offers an enormous potential for creating tailored strong coupled 
systems. 
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7    Coupling of Surface Plasmon Polaritons with 
      Polarons 
 
Organic semiconductors have been identified as promising materials thanks to several 
characteristics such as their optical properties, flexibility and low-cost processing. Thus, they 
have been used in the fabrication of many devices, for example light-emitting diodes [101, 
102], solar cells and transistors. Nonetheless, further application and commercialization of 
organic semiconductors in electronic and optoelectronic devices are limited by their low 
charge carrier mobility, consequently low electrical conductivity, compared to conventional 
semiconductors. Molecular doping can be used to increase the conductivity of the material 
by several orders of magnitude [103-105]. Recent experiments have additionally demonstrated 
a conductivity enhancement in organic semiconductors under strong coupling with surface 
plasmon resonances using a metallic array of holes [15]. This result was explained by the 
delocalization of the electronic hybrid states due to coupling. Adopting new geometries to 
exploit this effect can open up interesting opportunities and applications of organic 
semiconductors. 
 
In this chapter, we investigate the potential conductivity enhancement in p-doped organic 
semiconductor polymers resulting from strong coupling between their polaronic states and 
propagating surface plasmon polaritons on a metal surface. First, we introduce the used 
polymers as well as the targeted polaron features. In the second part, the sample and 
conductivity measurement design are presented. Moreover, the obtained results and faced 
challenges are discussed. 
 
 

7.1  Targeted polarons 
Two organic semiconductor polymers will be studied and characterized in this section. We 
are mainly interested in their polaronic states and electrical conductivity under strong 
coupling with surface plasmon polaritons. 
 

7.1.1 P3HT/F4TCNQ polarons 
P3HT is a conjugated polymer that has been used as active material in many optoelectronic 
devices such as solar cells and transistors. As mentioned in chapter 3 section 3.3.4, P3HT 
can be p-doped with F4TCNQ by the mechanism of ion pair formation resulting in the 
formation of an acceptor anion and a cation [67]. Cationic segments on a polymer chain are 
can be described as polarons. These polaronic states play a critical role in charge transport 
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within the F4TCNQ-doped P3HT film. The transmission spectrum of a reference film, plotted 
in Figure 3.10, was fitted using transfer matrix calculation and modelling the polaron 
feature with a Lorentzian resonance: 

(𝜔𝜔) = 𝜀𝜀𝑏𝑏 �1 +
𝐴𝐴

𝜔𝜔02 − 𝜔𝜔2 − 2𝑖𝑖𝜔𝜔𝛾𝛾
�   (7.1) 

with the mid-infrared background permittivity 𝜀𝜀𝑏𝑏 = 3.24, the resonance frequency 𝜔𝜔0 =
0.5 𝑒𝑒𝑛𝑛, the transition strength parameter 𝐴𝐴 = 312.5 𝑚𝑚𝑒𝑒𝑛𝑛2, and dissipation rate 𝛾𝛾 = 210 𝑚𝑚𝑒𝑒𝑛𝑛. 

The polaron resonance is a very strong feature but very broad as well. In order for strong 
coupling to be theoretically possible, it requires that 𝐴𝐴 > (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2 [see chapter 2, section 
2.2]. Hence the polaron feature is widely more broader than the SPP resonance, γ𝑆𝑆𝑆𝑆𝑆𝑆 will be 
ignored and the condition 𝐴𝐴 > γ2 is satisfied. The maximum Rabi splitting that can be 

observed here, considering an infinite polymer layer, is given by Ω𝑅𝑅 = �𝐴𝐴 − (γ − γ𝑆𝑆𝑆𝑆𝑆𝑆)2 ≈

�𝐴𝐴 − γ2 ≈ 550𝑚𝑚𝑒𝑒𝑛𝑛 which is clearly larger than the polaron width. We conclude that strong 
coupling is theoretically possible. However, we have a finite layer thickness in the experiment 
and this can hinder the existence of the predicted strong coupling regime. 

Figure 7.1: Full curve: measured TM-polarized ATR spectra of a P3HT-F4TCNQ/silver 
 hybrid structure in the strong coupling regime for an angle of incidence 𝜃𝜃 = 
 60°. Dashed curve: measured transmission of an F4TCNQ doped P3HT thin   
 film (≈170nm) on calcium fluoride. 
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Attenuated-total-reflection measurement of a P3HT/F4TCNQ film spin-coated on top of a 
silver layer in Kretschmann-Raether configuration are conducted for angles of incidence 𝜃𝜃 
ranging between 60° and 80°. Due to the large expected energy splitting as well the broad 
polaron feature, measurements in the MIR as well in the NIR spectral ranges are needed in 
order to be able to observe the upper and lower polariton branches. The lower polariton 
branch is expected to be observable in the MIR region, however the upper polariton branch 
is expected to be seen in the NIR region. The used FTIR spectrometer can measure only in 
one range at a time. Therefore, we varied the angle of incidence and measured ATR spectra 
first in the MIR spectral range. Then the spectrometer was adjusted to the NIR configuration, 
and the ATR spectra are collected for the NIR range. An example of a measured ATR 
spectrum for the hybrid sample showing two features, one at the left and one at the right of 
the polaron resonance, is displayed in Figure 7.1, together with the bare P3HT/F4TCNQ 
film transmission. The shown spectra are constructed by combining a measured MIR 
spectrum as well as a measured NIR spectrum. This explains the noisy signal in the middle 
region. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2: Dispersion relation of a P3HT-F4TCNQ/Silver hybrid structure in the strong 
                  coupling regime. Circles: experimental ATR minima. UB: upper branch (blue). 
                  LB: lower branch (red). Dashed line: dispersion of the polaron feature. 
 
 
For higher angles, the lower polariton branch moves to the high energy side and approaches 
the polaron energy that lies at the boundary between the MIR and NIR specral ranges, 
making the observation of the lower polariton branch and the extraction of its exact position 
hardly possible. The same applies for the upper polariton branch at lower angles. The 
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extraction of full dispersion curves is consequently unfeasible. And thus the corresponding 
Rabi splitting could not be extracted as well. Linear dispersion theory calculations were 
therefore conducted to check the expected dispersion and resulting energy splitting for every 
tested sample based on the thickness of the semiconductor film. From these calculations we 
found that an appropriate polymer layer thickness of 200nm or thicker is needed. Figure 7.2 
presents experimentally extracted dispersion relations for a hybrid sample. 
For the rest of the analysis, we assumed that strong coupling is occurring. 

 
7.1.2 Pedot:PSS polarons 
Creating P3HT/F4TCNQ films thicker than 200nm, which is the minimum thickness 
required to achieve strong coupling is challenging [see appendix part 1]. Therefore, we have 
looked for another conductive semiconductor for which we can deposit very thick films, and 
Pedot:PSS seemed to be a good candidate. As presented in chapter 3 section 3.3.5, this 
polymer has a very broad polaron feature that could not be fitted with a simple Lorentzian. 
A superposition of Lorentzian and Gaussian profiles almost fitted the polaron resonance. 
Details for the fitting are not presented here. 
The observation of lower and upper polariton branches and the extraction of an energy 
splitting using attenuated-total-reflection measurements were also hardly possible. The same 
procedure as with the P3HT/F4TCNQ was adapted and linear dispersion theory calculations 
were used to conclude on an appropriate polymer layer thickness of 800nm for which a 
theoretical energy splitting is first obtained. We then assume that for Pedot:PSS layers 
thicker than 800nm spin-coated on top of a sliver layer, strong coupling regime between the 
semiconductor polarons and surface plasmon polaritons occur. 
 
The next step is to provide a setup to measure the conductivity of the organic semiconductors 
as a single system but also in a hybrid system. 
 
 

7.2  Experimental investigation of electrical conductivity 
In this section, we present the structure of the samples that we would like to investigate as 
well as the electrode design used for the four-point probe conductivity measurements. 
Moreover, we describe the problems that we have faced during samples preparation and 
investigation along with the obtained conductivity results. 
 

7.2.1 Sample design 
As mentioned previously, we would like to investigate the effect of strong coupling between 
surface plasmon polaritons and polarons in organic semiconductors on their conductivity. For 
this purpose, we used silver as host material for the SPPs. Between the metal layer and the 
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investigated organic semiconductor, we spin-coat an insulating polymer in order to be able 
to confirm that any possible enhancement of the conductivity of the organic semiconductor 
is not simply resulting from direct contact with silver but as a strong coupling effect. The 
thickness of the insulating layer can be used as a parameter to change the coupling strength. 
The thicker the insulator layer is, the weaker the coupling should be as the SPP field that 
will be interacting with the semiconductor layer is smaller. 
The insulating layer should not have any strong active vibrational transition in the mid-
infrared spectral range in order to exclude any possible strong coupling that can occur 
between the vibrations and the silver SPPs. 
Figure 7.3 illustrates the investigated sample structure. As insulating material, we have 
employed and tested a variety of polymers, e.g. Polystyrene (PS), Polyvinyl chloride (PVC), 
Benzocyclobutene (BCB). Samples were prepared on various substrates such as sapphire, 
silicon and calcium fluoride substrates. 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: Structure of a hybrid sample consisting of silver, insulating polymer and organic 
                 semiconductor that will be investigated for possible conductivity enhancement 
                 within the strong coupling regime. 
 
 
To measure the conductivity of the samples, we employed the four-point probe technique 
presented in chapter 3 section 3.2.3. First, we measured the sheet resistivity of the single 
layers using an Ossila four-point setup. During the measurement, the pins of the setup will 
pierce through the film making this characterization machine inadequate to measure the 
hybrid sample as essentially only the conductivity of the silver layer will be measured. We 
have redesigned the setup using evaporated electrodes and external pins in order to be able 
to measure the conductivity of any layer deposited on top of silver. The next step was to 
verify if we can reproduce the conductivity measurement of the organic semiconductor layer 
using the hybrid sample design. Figure 7.4 presents a schematic illustration as well as one 
example of the used electrode designs. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
          (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4: (a) schematic illustration of a hybrid sample consisting of silver, insulating 
                  polymer and organic semiconductor, with top contacts. (b) Example of a mask 
                  design used to evaporate the metal contacts needed for the conductivity 
                  measurement setup. 
 
 

7.2.2 Results and problems 
We have faced various challenges during sample fabrication and characterization: 

- Unsuccessful electrode evaporation: investigating the samples after electrode 
evaporation with a laser microscope we have found that for some samples we get non-
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continuous electrodes as shown in Figure 7.5 all samples were therefore investigated 
under the microscope before proceeding to conductivity measurements. 

 

 

Figure 7.5: Laser microscope images of silver evaporated electrodes on glass substrates 
                   showing damaged contacts. 
 
 

- Solvent of the insulating layer not fully evaporated after spin-coating: we have tested 
many polymers, dissolved in different solvents, as insulating layer. After investigating 
the samples, we have seen that the solvents were not fully evaporated resulting in a 
deterioration of the silver layer underneath and the evaporated electrodes on top. 
Figure 7.6 presents some microscope images of deteriorated samples. Annealing was 
used to get rid of the solvent rests. 

Despite the fact that after sample annealing, we did not see any deterioration signs of the 
electrode material under the microscope, we were not able to get the conductivity of the 
organic semiconductor, but we were getting values equal to the value measured for a bare 
silver layer. We assumed that the electrode material was creeping through the active 
semiconductor layer as well as the insulating layer. To deal with this problem we used 
chromium as first electrode material layer and then evaporated silver instead of evaporating 
bare silver or bare aluminum as electrode material. Unfortunately, we were still getting the 
same results. The presence of pinholes in the polymer layers can explain the unsuccessful 
conductivity measurements. We have tried with more rigorous sample preparation procedures 
to overcome these issues, but no improvement in the results was observed. 
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(a)                                                  (b)     
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Figure 7.6: Laser microscope images of (a) aluminium contacts evaporated on top of a PS 
                  film spin-coated from chloroform solution. (b) PS polymer layer spin-coated 
                  from chloroform solution on glass. (c) Silver contacts evaporated on top of a 
                  PVC polymer layer spin-coated on glass. (d) aluminium contacts evaporated 
                  on top of a PS film spin-coated from toluene solution on silver (bottom layer 
                  where the SPPs should be excited). 
 
 
We strongly believe that with more suitable deposition methods, the desired measurements 
would be successful. Molecular evaporation techniques can here replace spin-coating making 
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sure that no pinholes are present in the insulating layer or in the active semiconductor layer. 
Due to time limitations of the thesis project, these possibilities were not discussed. 

 

7.3  Summary 
In this chapter, we presented an approach to studying conductivity enhancement of organic 
semiconductors by strong coupling to surface plasmon polaritons. Simulations and numerical 
calculations of the interaction between the SPPs and polaronic states of the studied polymers 
predict the occurrence of a strong coupling regime and thus the formation of new eigenstates 
of the system. We believe that the delocalization of the hybrid states [10] will influence the 
conductivity of the organic semiconductors. Four-point probe measurement were planned 
and the corresponding sample and electrode designs were prepared. Unfortunately, the 
conductivity measurements of the active semiconductor layer in a hybrid structure were 
unsuccessful, seemingly because of pinholes present within the polymer layers. Further 
optimization is needed, in order for the problem to be solved. One possible solution would 
be to adapt new deposition methods for the organic layers such as organic molecular beam 
deposition instead of spin-coating. 
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8    Conclusion 
 
This thesis has focused on the hybridization of surface plasmon polaritons and molecular 
resonances in the mid-infrared spectral region. The surface plasmon polariton excitation was 
experimentally investigated using prism coupling. The materials used as hosts for surface 
plasmon polaritons were silver and ZnGaO, a heavily doped semiconductor. For the organic 
parts, we first employed PVMK, a ketone based polymer, and we used the C=O double bond 
in this polymer as the molecular resonance. Second, we employed p-doped semiconductor 
polymers and used their polaronic states as molecular resonance. 

In chapter 2, we introduced the fundamental theory of surface plasmon polaritons 
and strong coupling along with the transfer matrix calculation method (TRMA) being the 
main numerical technique to model the investigated systems. 

Sample fabrication and characterization techniques as well as the different materials 
used for this research were represented in chapter 3. 

In chapter 4, SPPs excitation techniques were introduced along with the measurement 
setups used to characterize the SPPs and their interaction within the different studied 
systems. Furthermore, numerical studies on the geometrical sample parameters, e.g. layer 
thickness, allowed to optimize specific SPPs properties that play an important role in the 
intended coupling between the SPPs and the molecular excitation. 

In chapter 5, we demonstrated for the first time strong coupling between a molecular 
vibrational resonance and propagating surface plasmon polaritons using prism coupling 
within the Kretschmann-Raether configuration in an organic/inorganic plasmonic hybrid 
structure consisting of PVMK deposited on top of a silver layer. An anticrossing in the 
dispersion of the hybrid system, characterized by the presence of lower and upper polariton 
branches, was observed from experimentally measured attenuated-total-reflection spectra as 
well as from linear dispersion theory calculations that simulate the investigated structure. 
We further showed experimentally that the coupling strength depends on the polymer layer 
thickness, i.e. density of the targeted molecular oscillator, as expected from strong coupling 
theory. Finally, thermal emission spectra of the hybrid system allowed to reproduce the 
anticrossing behavior observed previously from the ATR measurements. 

In chapter 6, the hybridization of surface plasmon polaritons in a heavily doped 
semiconductor and molecular vibrations was studied. The SPPs were excited using Otto 
configuration. The dispersion of the uncoupled SPPs as well as the dispersion of the coupled 
system was characterized from attenuated total reflection measured spectra and it was 
possible to extract an energy splitting from the dispersion curves. Based on theoretical 
calculations and simulation, a strong coupling regime was expected to occur. However, the 
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experimental condition of observing this regime was not satisfied due to surface plasmon 
polaritons radiative decay out of the exciting medium. 

In chapter 7, the potential conductivity enhancement in p-doped semiconductor 
polymers through the strong coupling of their polaronic states with propagating surface 
plasmon polaritons was investigated. Different conductive polymer candidates, namely, 
P3HT/F4TCNQ and PEDOT:PSS, were characterized by measuring their transmission 
spectra and identifying the target polaronic features. Simulations were conducted in order to 
predict the probable energy splitting that can be achieved if strong coupling occurs. 
Furthermore, various electrode designs were experimentally fabricated and tested as four-
point probe setups to measure sheet resistance of the considered materials. However, the 
conductivity measurements on the hybrid samples have given inconsistent results as we have 
been always measuring the unaltered sheet resistance of the metallic film layer. 
 
 
The results and investigations reported in this thesis raise new questions and encourage 
future research in several areas worthy of exploration: 
 
• The thermal emission of the hybrid polaritons presented in chapter 5 could be 

investigated in greater details to understand more about the nature of the different 
branches and to explore if the polaritons emits more efficiently than the single 
constituents. 

  
• The demonstrated strong coupling in this work is not restricted to the carbonyl 

stretch vibration C=O and any infrared active vibrational transition with strong 
optical dipole moment can be targeted. It would be interesting to investigate strong 
coupling in a photoluminescent organic material and to target a vibrational transition 
that plays a key role in the luminescence in order to study the possible effects of 
strong coupling in altering luminescence properties of the material. Moreover, 
modifying chemical reaction rates by coupling to molecular vibrations would be worth 
investigation in a planar and easy-to-implement geometry. 
 

• We have experimentally observed an interaction between SPPs of heavily doped 
semiconductors and molecular vibrations. Nonetheless, the existence of a strong 
coupling regime could not be fully experimentally proved. If we were able to excite 
the SPPs using Kretschmann-Raether configuration instead of Otto configuration, the 
strong coupling observation condition would be then satisfied. A major problem is 
that basically no conventional ZnGaO substrate that is transparent in the mid-
infrared region is known. It was reported that ZnO thin films were grown on calcium 
fluoride substrates using a low-pressure metalorganic vapor phase epitaxy apparatus 
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(MOVPE) [106]. As calcium fluoride being fully transparent in the IR region, this 
would offer a promising possibility to entirely benefit from heavily doped 
semiconductor tunability in this spectral range, if the doping and growth of samples 
are successful. The investigation of growing ZnGaO on calcium fluoride substrates for 
example, would be a separate research project and would require substantial efforts 
and funding. 
 

• Conductivity enhancement in p-type semiconductors was recently proved by 
hybridizing with surface plasmon resonances of silver nanohole arrays [107]. We 
strongly believe that coupling to propgating surface plasmon polaritons should induce 
the same observed effect. Moreover, the straightforward implementation of the 
coupled system using a planar film as medium for the SPPs to propagate should be 
of huge interest for photovoltaics and optoelectronic devices. Better sample growth 
and preparation conditions can help solve the problem of the insulating layer in the 
4-point-probe conductivity measurement setup. Due to time limitations, we were 
unable to fully optimize the sample preparation. However, we assume that with the 
help of chemistry and lab experts, the faced challenges can be overcome.
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Appendix 
 
1  Doping of P3HT with F4TCNQ 

 
As mentioned in chapter 3 section 3.3.4, we defined two procedures for creating F4TCNQ 
doped P3HT films: the first method is dedicated to creating thick films ranging from 140nm 
up to 250nm, and the second method for thinner films of some tens of nanometers.  
 
Preparation of thick films 
Solutions: 
20 g/l P3HT in chlorobenzene (CB) 
0.35 g/l F4TCNQ in acetonitrile 
0.35 g/l F4TCNQ in CB 
 
 

P3HT dissolves easily within few hours and just needs to be a bit shacked before every use. 
F4TCNQ needs to be stirred for 24 hours at 55°C for the first use, i.e. just after mixing the 
molecule with the solvent. Afterwards, it just needs to be stirred for 1 or 2 hours at 55°C 
because an F4TCNQ concentration of 0.35 g/l seems to be slightly above the solubility limit. 
First, wet the substrate completely with the P3HT solution using 60 µl/cm², then spin-coat 
for 60 seconds at a rotation speed of 17 rounds per second and at the end we shortly increase 
the speed in order to get rid of excess solution which is still at the edge of the substrate. 
We repeat the same steps using first the F4TCNQ solution in acetonitrile and then the 
F4TCNQ solution in CB. 
Since P3HT is insoluble in acetonitrile, charge complexes can be formed without washing the 
film off. The complexes are actually insoluble in CB but they will penetrate within the film 
after spin coating F4TCNQ from CB (we should use here the same solvent in which we 
dissolved the P3HT). CB is in fact not the best solvent for P3HT but is used as it evaporates 
slower and therefore allows for thicker films. 
Unfortunately, we cannot determine the exact doping ratio as it is not only influenced by 
the solution ratio but also by the effectiveness of the method. 
 
Preparation of thin films 
Solutions: 
10 g/l P3HT in chloroform (CF) 
0.35 g/l F4TCNQ in CF 
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P3HT dissolves easily within few hours and just needs to be a bit shacked before every use. 
F4TCNQ needs to be stirred for 24 hours at 55°C for the first use, i.e. after mixing the 
molecule with the solvent. Afterwards, no heating is needed as CF is a slightly better solvent 
than acetonitrile and CB. Within 30 minutes after preparing the solutions, they need to be 
mixed and used as they are actually insoluble in CF but will still form a neat film within 
this time, otherwise this can lead to big flakes on the substrate and not a homogenous film. 
The doping ratio is determined by the amount of solutions that to be mixed. For example, a 
10:1 molar mix P3HT:F4TCNQ would be obtained by mixing 100.0 µl P3HT and 468.8 µl 
F4TCNQ with the above defined concentrations. 
We dispense 100-200 µl of the mixed solution on a rotated substrate at 17 rounds per second, 
and then keep the spin-coater on for 30 seconds. Dispensing first and then rotating the 
substrate makes the result very dependent on the wettability of the substrate. 
The described procedure allows thicknesses of 17±3 nm. If we want to make the film a bit 
thicker (20-30 nm) we should use higher concentration which require stirring for 24 hours at 
higher temperatures and for which the mixed solution needs to be immediately used after 
mixing. 
 
Experimental observations reveal that the conductivity of the films decreases if the 
solutions are old, so it is better to always use freshly prepared solutions. 
 
 

2  PEDOT:PSS film coating 

 
As mentioned in section 3.3.5, PEDOT:PSS films were prepared using the blade coating 
technique. We present here the standard procedure that we used for film preparation. 
For all samples we used a fixed gap between the blade and the substrate of 150µm. After 
cleaning the substrate, it needs to be heated on the coating plate until reaching a constant 
temperature of 50-60°C. Additionally, we placed quartz slides, which will be used as dummy 
substrates, before and after the actual substrate. We place then between 20µl and 35µl 
unfiltered ink solution in front of the blade and we move the blade at a speed ranging from 
1mm/s up to 50mm/s, depending on the thickness that we want to achieve. The coating 
process can be repeated many times to increase the film thickness. Finally, an annealing 
process needs to be applied to get rid of the water: anneal for 10 minutes at 100°C, again for 
10 minutes at 150°C and last for another 10 minutes at 200°C. The temperature should not 
be increased abruptly but in small steps. Before performing any optical measurement, we 
anneal for 10 minutes at a temperatures of 220°C. 
 
Here an experimental example of the effect of annealing time and temperature on the film 
thickness: 
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solution: 30µl unfiltered PEDOT:PSS HIL E 100 
plate and substrate temperature: 60°C 
blade gap: 150µm 
blade speed: 5 mm/s 
thickness after coating: ~3µm 
thickness after 10 minutes at 100°C: ~1.5µm 
thickness after 10 minutes at 150°C: ~1µm 
thickness after 10 minutes at 200°C: ~800-900nm 
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List of Abbreviations 
 
Ag   Silver 
AFM   Atomic force microscopy 
ATR   Attenuated total reflection 
BCB   Benzocyclobutene 
CaF2   Calcium fluoride 
EM   electromagnetic 
F4TCNQ  2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
FTIR   Fourier-transform infrared 
FWHM  Full width half maximum 
HIOS   Hybrid inorganic/organic system 
HOMO   Highest occupied molecular orbital 
IR   Infrared 
KBr   Potassium Bromide 
LB   Lower polariton branch 
LUMO   Lowest unoccupied molecular orbital 
MBE   Molecular beam epitaxy 
MCT   Mercury-Cadmium-Telluride 
MIR   Mid infrared 
MOVPE  Metalorganic vapor phase epitaxy 
NIR   Near infrared 
P3HT   Poly(3-hexylthiophene) 
PEDOT:PSS  Poly(3,4-ethylenedioxy-thiophene):poly(styrenesulphonic acid) 
PS   Polystyrene 
PVC   Polyvinyl chloride 
PVMK   Polyvenilmethylketone 
RHEED  Reflection High Energy Electron Diffraction 
SPP   Surface plasmon polariton 
TE   Transverse electric (mode) 
TM   Transverse magnetic (mode) 
TRMA   Transfer-matrix method 
UB   Upper polariton branch 
UHV   Ultrahigh vacuum 
ZnGaO  Zinc gallium oxide 
ZnO   Zinc oxide 
ZnSe   Zinc selenide 
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