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PREFACE

The interaction between light and matter is responsible for numerous day-to-day
observations, such as the formation of a rainbow, the reflection in the mirror, the multi-colored
oil spill on water due to interference, or the sky or oceans appearing blue due to Rayleigh
scattering. These interactions can be used to investigate the properties of matter through
spectroscopic techniques involving fundamental processes such as absorption, emission,
transmission, diffraction, and reflection. Nearly a hundred years ago, Dirac, laid the
foundations of quantum electrodynamics (QED) which changed our understanding of such
light-matter interactions.! QED can be thought of as the fusion of electromagnetism and
quantum physics. Of particular interest in the context of this thesis, is the so-called cavity QED
where matter is placed in the confined field of a cavity which can enhance the interaction
between light and matter and thereby give rise to new phenomena. For instance, it is possible
to generate hybrid light-matter states, known as polaritonic states, by so-called light-matter
strong coupling. The presence of these states naturally changes the material and chemical
properties of the system.

In the early 1970s, the prime focus of cQED was on ‘atoms in perturbative regime’,
which slowly transitioned to ‘semiconductor physics in cavities’ by the end of 1980s. Over the
last two decades, the significant effect of light-matter strong coupling? on molecular and

3-15

chemical properties such as conductivity®~!°, work-function'®, non-linear optics!’, chemical

1822 and magnetism?® has attracted much attention from researchers. Coupling of

kinetics,
molecular absorption and an optical mode leads to the generation of hybrid light-matter states,

called polaritonic states, which are delocalized over many molecules. In addition to the bright



states (P+ and P-), dark states are also formed. This coupling is possible even in the dark due
to the interaction with the zero-point energies of the optical mode. Due to extended coherence
and delocalization of hybrid light-matter states, transport properties benefit from strong
coupling. 3~1° The original focus of this thesis was to study changes in the conductivity of
organic semiconductors when the molecular vibrations of the material are coupled (so-called
vibrational strong coupling or VSC). However, in the course of the work, other issues emerged,
in particular the effects of strong coupling on intermolecular interactions and self-assembly.

The thesis is organized as follows:

= The first chapter introduces the fundamentals of cavity quantum electrodynamics and

its consequences on atomic physics, semiconductors, and material chemistry.

= The second chapter gives a theoretical outline of light-matter coupling through the
most straightforward approach — the Jaynes-Cummings model and gives a brief
overview of different regimes of light-matter coupling. This is followed by a
comparative discussion of charge transport theories of organic semiconductors
through polaronic/ hopping and band transport models, the two opposite limiting

regimes.

* In the third chapter, we study the effect of light-matter strong coupling on
conductivity and photoconductivity of p-type organic semiconductor 7#-P3HT. This
chapter demonstrates that under ultra-strong coupling, the ground state has a finite
photonic content, and thus even the valence band is modified, leading to an
enhancement of conductivity and photoconductivity of the p-type organic

semiconductor.



The fourth chapter reports the serendipitous observation of the modification of the
morphology of supramolecular assembly under VSC of a conjugated conducting
polymer poly(p-phenylene ethynylene) through a cooperative effect. The chapter
also includes a similar modification observed for a conjugated monomer - oligo(p-

phenylene ethynylene).

The fifth chapter focuses on the enhancement of conductivity of the highly
conducting polymer — poly(3,4-ethylene dioxythiophene) polystyrene sulphonate
(PEDOT: PSS) by strongly coupling its vibrational bands to the plasmonic
resonance of metallic gratings. It involved a collaborative effort in order to obtain
plasmonic structures with resonances having quality factors necessary to achieve

strong coupling condition.

Sixth chapter: Conclusion and outlook.






LIGHT-MATTER STRONG COUPLING: A NEW
TOOL FOR MODULATING MOLECULAR
PROPERTIES

The 20" century marked the beginning of quantum physics with some revolutionary
postulates from Planck and Einstein, with the former proposing that the energy of any mode of
oscillation is quantized and that is equal to the mode’s frequency times a constant, Planck’s
constant.>* This fundamental equation, E=hv, motivated Einstein to publish his famous
quantum paper in 1905, proposing that light consists of discrete quantum particles or ‘wave
packets of energy’, later called photons. Unlike Planck, Einstein applied energy quantization
to the radiation field. After more than a decade, he also put forth the idea that excited atoms
emit photons and return to a lower energy state to achieve thermal equilibrium, a process he
called “spontaneous emission”.? In 1913, both these works and Rutherford’s planetary model
of the atom were intertwined by Niels Bohr in his theory of atomic spectra, which correctly
described the emission spectrum of hydrogen.?® It was the quantum mechanical theory
developed by Dirac in 1926 that played a crucial role in laying the foundations of QED; in this

theory, the radiation field and the emitter are coupled such that fluorescence is understood to



1.1 Cavity quantum electrodynamics: A brief history

be an emission into an optical vacuum state.! By vacuum, we mean 3D space, not a material
void. These vacuum states are quantum states with zero-point energy that thereby generate
electromagnetic fluctuations. Later in 1932, Enrico Fermi, using Dirac’s theory, proposed that
spontaneous emission rate also depends on the local photonic mode density, now known as
Fermi’s golden rule.?” This has since been well verified. Spontaneous fluorescence is actually
triggered by vacuum electromagnetic fluctuations and the radiative rate and the fluorescence
quantum yield depends on this density of states.

The virtual photons associated with vacuum fluctuations disappear as soon as they are
formed and hence do not violate energy conservation. In the late 1940s, Willis Lamb reported
the spectral shift of the hydrogen atom, the first evidence of the impact of vacuum
fluctuations.?® It is also a demonstration that vacuum fluctuations affect the properties of
matter, a topic of this thesis. The evolution of QED led to an important sub-field known as

cavity QED (cQED); the following section will briefly browse through its history.

1.1. Cavity quantum electrodynamics: A brief history

cQED is concerned with light-matter interactions in the confined EM fields of a cavity
and other optical resonators. Through progressive improvements in the design of high finesse
cavities and atom manipulations, this has led to a revolution in laser metrology, attosecond
physics, atomic clock precision, quantum information, and solid-state devices. In 1946, Purcell
and his colleagues showed how cQED enhances the spontaneous emission rate of nuclear
magnetic transitions when coupled to a resonant R-L-C circuit, at radio frequencies.?” The
seminal paper defined the ‘Purcell factor’ n which quantifies the coupling between an emitter

and a cavity mode.*° In the late 1960s, Karl Drexhage reported how the spontaneous emission
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Figure 1.1. (a) The lifetime of the europium complex as a function of distance
from the metallic mirror was measured by Drexhage. Reproduced from ref [31],
(b) the Kretschmann configuration used by Pockrand et al. for strongly coupling
dye molecules using Langmuir-Blodgett monolayer assemblies. Reproduced

from ref [32]

decay rate of dye molecules in Langmuir film varies with distance from a metallic mirror with
nanometer precision (Figure 1.1).313 According to QED, in Drexhage’s experiments, the
coupling between the radiation field and the emitter is altered. In other words, the presence of
a mirror changes the ‘density of states’, leading to the variation of radiative lifetime of the
dipole emitter. This seminal observation was another experimental evidence of a ‘perturbative
regime’, now known as the weak coupling regime. In 1981, Kleppner predicted that
spontaneous emission rate could not only be enhanced but also be inhibited in a cavity.**
Similar experiments were reproduced much later by Barnes ef al.®

By the 1970s, the focus of interest shifted from the weak coupling regime just described
to the so-called light-matter strong coupling. In the latter regime, the interaction is so strong
that hybrid light-matter (or polaritonic) states are formed, opening a multitude of possibilities.

Following theoretical calculations,® the first experimental evidence demonstrating stron
g p g g
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coupling in an inorganic material was given by Zhizhin and his coworkers in 1975, wherein
surface plasmons (SP) were coupled to the phonon modes of the material.*’ In the 1980s,
coupled atom-cavities systems were studied in many laboratories around the world which
allowed fundamental aspects and theoretical predictions to be studied.>*** The demonstration
of strong coupling of excitons in semiconductors cavities ** further broadened the field to solid-
state materials. This includes several significant works on exciton-polariton dynamics,*
photoluminescence of exciton-polaritons,***” and polariton lasing. 43! This led to resonance
cavity-enhanced (RCE) devices that have improved optoelectronics.>* For instance, due to the
increased optical field, RCE photodetectors have higher efficiency and are thinner and faster,
making them technologically viable.>? Furthermore, due to the hybrid Boson-Fermion nature
of polaritons, it is possible to observe polariton condensation at high temperatures, analogous
Bose-Einstein condensation, and lasing at lower threshold powers than the usual photonic
lasers.*® The first demonstration of strongly coupled organic semiconductors was reported by
Pockrand and his coworkers in 1982, wherein they studied exciton-surface plasmon
interactions by coupling excitons of dye molecules in Langmuir-Blodgett monolayer
assemblies to the underlying metal film (Figure 1.1 b).32 In 1998, this field was further

1.3 and Lidzey et al>* They confirmed the possibility of strong

stimulated by Fujita et a
coupling of organic semiconductors (perovskites and porphyrins) in distributed feedback and
Fabry-Perot microcavities, respectively.

In the last 20 years, there have been many studies on molecules and organic
semiconductors under strong coupling, such as the experiments where cyanine J-aggregates are
coupled to optical modes.>>> Interestingly, the focus of such studies was on the optical and

quantum properties. About 15 years ago, the study of the consequences of light-matter strong

coupling on material and chemical properties was initiated by the Strasbourg group. The



1.2 Consequences of light-matter strong coupling on chemistry and material properties

investigation of modifications of molecular properties has emerged as a new frontier of science-

discussed in the following section.

1.2.  Consequences of light-matter strong coupling on chemistry and material properties

The impact of light-matter strong coupling on chemical and material properties has
been much greater than expected and generated considerable interest around the world for both
the fundamental and the technological potential. Various properties have been analyzed and
found to be changed in the strong coupling regime such as conductivity, >-'*> work-function,'¢
ferromagnetism,?® superconductivity, non-linear optics,!” supramolecular assemblies,>*-60
ionic conductivity,®! and chemical reactivity, '*-22 (Figure 1.2). It has emerged as a new tool to
alter molecular and material properties by coupling either electronic transitions (electronic
strong coupling, ESC) or vibrational modes (vibrational strong coupling, VSC). The first
observation of the effect of strong coupling in chemistry was reported by Hutchison ef al. in
2012, wherein they showed that the energy landscape of molecules could be modified under
ESC through the study of spiropyran-merocyanine photoisomerization.%? Following this work,
other properties were investigated under ESC such as the work function, !¢ the phase transition

of hybrid perovskites,®* enhancement in energy transfer,®+¢°
Y p gy

and enhancement in conductivity
of n- and p-type OSC ##-11.70 n the third Chapter, we will present our investigation of the
enhancement of the conductivity of a p-type organic semiconductor under ESC.

Following the demonstration of vibrational strong coupling (VSC) in the liquid
phase,””2 Thomas et al. reported that VSC could strongly influence the ground-state chemical
landscape, a surprising and exciting development.” In addition to the retardation in the reaction

kinetics, they found that the thermodynamics was completely modified under VSC, suggesting

that the reaction changed from an associative to a dissociative mechanism. These findings were

9
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Figure 1.2. Highlights the consequences of light-matter strong coupling in

materials investigated since 2010.

theoretically confirmed very recently.”* Such results highlighted the potential of VSC for
controlling chemical reactivity and triggered many other studies on a variety of reactions such
as  Prins cyclization,” hydrolysis,’® solvolysis,!”’” enzymatic "7 and charge transfer
reactions.®’ The solvolysis of PNPA in ethyl acetate was the first example of cooperative strong
coupling. When direct coupling of solute is not possible due to its limited solubility, it is
possible to couple them via cooperative effect if the solute and the selected solvent have
overlapping vibrational bands and thereby also influence the chemical reactivity.®! Vergauwe
et al. reported retardation in enzymatic activity of protease pepsin by a factor of 4.5 when O-
H stretch of water is strongly coupled, but no effect was observed for the bending mode of
water under VSC.” On the contrary, when the vibrational mode of a different enzyme, a-
chymotrypsin, was cooperatively coupled through the O-H stretching mode of water, the

kinetics increased via the perturbation of the proton-transfer process under VSC.”® Recent

10



1.2 Consequences of light-matter strong coupling on chemistry and material properties

reports have shown that VSC also modifies vibrational energy transfer which might play a role
in cavity chemistry.52%?

The large thermodynamic changes induced by VSC came as a surprise. After all the
Rabi splitting in VSC is typically on the order of kgT, i.e. 25 meV (ca. 2.5 kJ/mole) while the
modification of the transition state energies is typically 10 times larger. Hence there must be
other factors at play such as symmetry which is known to have a fundamental role in chemical
reactivity. Indeed Pang et al. showed that the free-energy of mesitylene-iodine charge transfer
complexation reaction is lowered or raised, depending only on the symmetry of the vibrational
band coupled to the optical mode (Figure 1.3 a).89 As they concluded, it appears that the strong
coupling process with the cavity mode modifies the symmetry of the vibropolaritonic mode
relative to the original vibrational band. Another work that emphasized the importance of
vibrational bands’ symmetry was the study of molecules that obey Woodward-Hoffman’s rules

(Figure 1.3 b). The typical expectation of stereoselectivity in the resultant products of

electrocyclic ring-opening of cyclobutene derivative was altered under VSC.%

(a) (®)

VA=

Mes + I; <— Mes-I,

Energy

Energy

VSC of A' modes
VSC of E' modes

Absorption (a.u.)

1 500 20[00 25I00 3000 Reaction coordinate
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Figure 1.3. Significance of symmetry in light-matter strong coupling (a)
Chemical landscape of mesitylene-iodine charge transfer complex modified
with respect to the symmetry of vibrational bands being strongly coupled. (b)
Energy level diagram for con- and dis-rotatory opening of electrocyclic

reactions. Figures reproduced from refs. [80,84]
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1.2 Consequences of light-matter strong coupling on chemistry and material properties

In addition to the VSC effects on chemical reactions, recent studies demonstrate that
intermolecular interactions can also by modified by VSC of the solvent, the solute or both
through the cooperative process. % Hirai and his colleagues investigated pseudo-
polymorphism of ZIF metal-organic frameworks in resonant optical resonators.’® They
observed that Cubo-octahedral-shaped ZIF-8 crystals are ‘selectively crystallized” when O-H
stretch of water is strongly coupled, instead of both cross-hair star-shaped ZIF-L and Cubo
octahedral ZIF-8 being formed in non-cavity. In yet other studies, we found that the
morphology of supramolecular assemblies could be modified when the system was under
cooperative VSC.>*® we will present these results in the fourth Chapter.

There are many aspects of strong coupling that are not still understood, most notably
that in order to see an effect on a property, the material must be coupled at k//=0, e.g. at normal
incidence for a Fabry-Perot cavity. It points to the challenges of modeling strongly coupled
systems, especially when they involve the complexity of chemical reactivity. Many theoretical
groups have taken the challenge to improve the model from a fundamental perspective. #8593
Recent studies using ab-initio QED calculations were able to reproduce experimental results
related to silyl deprotection reaction under VSC.”* Also, other theoretical studies were
successful in proving that intermolecular interactions are indeed modified under ESC.#>% Ab-
initio QED studies look promising in terms of understanding experiments, and predicting the
patterns and fundamental rules in results.®>3%* Nevertheless, more sophisticated theoretical
descriptions are required to fully understand the mechanism in coupled systems, and to be able
to predict the outcome of strong coupling on a given chemical reaction. In the next Chapter,
we will describe Jaynes-Cummings model — the simplest theoretical model for describing light-
matter strong coupling before presenting the models used to describe the properties of organic

semiconductors.

12
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THEORETICAL MODELS

Since the thesis work involves both strong coupling and organic semiconductors, we
will introduce, in this Chapter, the corresponding theoretical models. We start with the Jaynes-
Cummings model (Figure 2.1 a) which yields the fundamental features of strong coupling. This
section is followed by the comparison of two opposing conductivity models of organic
semiconductors, hopping and band regimes, briefly discussing how different parameters
determine the mobility of organic systems. This Chapter is then concluded by discussing the

recent reports on the enhancement of conductivity of OSCs under light-matter strong coupling.

2.1. Jaynes-Cummings model for a two-level system

The simplest model describing light-matter strong coupling- the Jaynes-Cummings
model, was developed by Fred Cummings and Edwin Jaynes in 1963. This model describes the
interaction of an atom approximated as a two-level system, with a single mode of a quantized
electromagnetic field. * Following this model, different theoretical models have been defined,
such as the Tavis-Cummings®’ (Figure 2.1 b), in which a single mode of the quantized

electromagnetic field is coupled to a collection of multiple identical atoms. N two-level atoms

14



2.1 Jaynes-Cummings model for a two-level system

interact strongly with the cavity resonance to give upper and lower polaritonic states in addition

to N-1 dark states. Since organic molecules have rotational and vibrational degrees of
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Figure 2.1. (a) Schematics of Jaynes-Cumming’s model describing the

interaction of a two-level emitter to a single quantized electromagnetic mode,

and (c¢) Tavis-Cummings model describing the interaction of N two-level

emitters to a single quantized EM mode.

freedom in addition to the electronic transitions, approximating them as two-level systems

cannot predict the effect of strong coupling on their properties. Although several theoretical

groups have modelled rovibrational degrees of freedom, **-1°! as discussed in the previous

Chapter, more complicated theoretical calculations are required to gain further insight into the

coupled systems and the origin of the modified properties.
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2.1 Jaynes-Cummings model for a two-level system

96,102

Using the formalism found in references, we detail below the simplest model of

light-matter coupling- the Jaynes-Cummings model and its consequences.
Following is the corresponding Jaynes-Cummings Hamiltonian:
H]C = Hurom + ﬁfield + Hyy (2.1)
The atom Hamiltonian H,,,, is described with a two-dimensional state space having two

energy eigenstates and energy eigenvalues: excited state, |e), Ee and ground state, |g) , Eg

o =) 1=()) 2.2)

g, is the operator defining the transition from |g) to |e) and G_ for the reverse process, the

Hermitian Pauli operator 6, defines the energies of the states,
~ 0 1
6, =lgel = (; o) (23)
~ 0 0
6 =leal = ( ) 24

~ 1 1
6, =leXel = Iedgl = (; ) @5
Therefore, the Hamiltonian for an atom is

P

1
Hatom = Ehwoo_z (26)

Hamiltonian of the quantized field, H}ield is given by

ﬁfie,d = hwdfa (2.7)
where G and @ are the creation and the annihilation operator for creating or annihilating
photons.
The Hamiltonian defining the interaction between the dipole moment of an atom, d, and
quantized electric field operator E(t) is given by:

H, = —d.E(t) with E(t) = E, (@ + ah)

16



2.1 Jaynes-Cummings model for a two-level system

Since counter-rotating terms oscillate at a very high frequency w + wg, their effect is
negligible. Therefore, under the RWA, counter-rotating terms (¥4, + @8_) cancel out, and

interaction Hamiltonian can be given as:

g
H,, =—i T(amr — afé)) (2.8)

where the first term in (66, — @'6_) describes the annihilation of a photon and transition of

the atom to the excited state, while the second term describes the opposite process, Rabi
frequency, (2p is associated to the oscillation frequency to the coupling strength and the

coupling constant, g, is given by

Therefore, Jaynes-Cummings Hamiltonian within the RWA can be written as:

— 1 R A hgp R
H = Ehwoaz + hwata — lT(ClO'_,. + afé.) (2.9

Introducing the parameter, 4 = w — w,, to measure the effect of detuning of cavity mode

with respect to the transition in the atom, the Hamiltonian becomes

a _h(w+wo)(1 o) 1<—A —iQR)

e = 2 o /1 20, a

. (2.10)

We get the new energy eigenvalues,

E, = Meteo) 4 ~(Vaz+03) @2.11)

The dispersion of the eigenstates corresponding to the above eigenvalues leads to the anti-
crossing behavior of the following polaritonic states |Pi>:

|P,) = cos@|e)|0) + isin@ |g)|1) (2.12)

|P_) = sin@ |e)|0) — icos@|g)|1) (2.13)

in which angle 0 is defined as

17



2.1 Jaynes-Cummings model for a two-level system

0
0g tan(20) = _TR (2.14)

At A =0, the angle 0 is calculated as '/, the entanglement between the polaritonic states is
g 4 g p

the maximum and is given by

1

|Pon+) = ﬁ(leﬂo) + ilg)[1)) (2.15)
1

|Pon,-) = ﬁ(leﬂo) = g1 (2.16)

At this tuning, polaritonic states have 50 % of each photonic and bosonic character, and the
wavefunction is localized over the mode volume.
In the following sub-section, we will compare different regimes of light-matter

coupling.

2.1.1 Different regimes of light-matter coupling

Light-matter coupling can be classified into the following regimes based on five
different time scales: cavity and molecular decay rates (k and y), the coupling strength between
the dipole interactions of matter and the resonant optical mode (g), and the frequencies of

molecular transition and cavity mode ( w, and w).

1. Weak coupling regime: Also called as ‘perturbative regime’, the rate of dissipative
processes of the material (k) and decay rate of the cavity (y) dominate the coupling

frequency. Therefore, Rabi splitting (£2z),

mTR = g < K, Ya wOa w (217)

Due to this, only radiative properties such as spontaneous emission rate and Lamb shift
are altered. Fermi’s golden rule holds for this regime. As already described in the previous
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2.1 Jaynes-Cummings model for a two-level system

section, the Purcell effect falls in this category, wherein spontaneous emission rate can
either be enhanced or inhibited due to vacuum coupling in a resonant structure,
demonstrated years ago by Drexhage.*!¥ The RWA and Jaynes-Cummings Hamiltonian

are valid in this regime.

. Strong coupling regime: In this regime, the coupling constant, g dominates the cavity and
material decay rates (k and y); the Rabi splitting is such that:

K, Y <<MTR =g << wy, W
which implies that the photon can be absorbed and re-emitted before leaking from the
cavity. In other words, for a system to be in this regime, following criterion needs to be
satisfied:

hQg > (n + T)/2,

where [}, and I, are the full width at half maximums (FWHM) of molecular and optical
modes, respectively,!9194 ] e, Rabi splitting needs to be larger than the FWHM of optical
and molecular absorption modes (Figure 2.2 e and f).
Fermi’s golden rule is no longer valid here, but the Jaynes-Cummings model can be used.
Hybrid light-matter states are formed, in addition to the bright states: P+ and P-, dark states
(DS) are also formed (as shown in Figure 2.2 d), which does not necessarily exist between

the bright states.!%
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Figure 2.2. When an (a) exciton and (c) optical cavity mode have frequencies
Wy and w4, that come in resonance, (b,d) exchange of energy takes place and
leads to the dressing of the molecules with EM vacuum field inside the cavity
leading to the generation of hybrid light-matter states. In addition to the bright
states (P+ and P-), dark states (DS) are also formed. € shows the optical mode
of full width at half maximum (FWHM), and (f) shows the vibrational mode of
cyclohexanone with carbonyl stretch at 1720 cm™!, coupled to the optical mode,
leading to the formation vibro-polaritonic states. Note that the Rabi splitting is

larger than the FWHM of both molecular transition and the optical mode.

The energy difference between the upper and lower polaritonic states is given by:

hQg = J49% — (k — )2 (2.18)

when g > k, the Rabi splitting is given as:
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2.1 Jaynes-Cummings model for a two-level system

h
hQp =29 = 2d.E, =2d /25(:V X npn +1  (2.19)

Such a coupling is possible even in the dark (n,, = 0) due to the coupling of matter

with the zero-point vacuum fluctuations. h{y is dependent on the number N of

N
hQR a 7

For an optical Fabry-Perot cavity, dispersion of light-matter hybrid states, or polaritonic

molecules coupled to the optical mode,

states, is given by:
2w
k, = TSan (2.20)

where A is the peak wavelength and 6 is the angle of incidence. In our experiments, the

system is said to be in resonance when strong coupling occurs at normal incidence (k,, =
0). At larger values of k,/,, P+ behaves more like photons and P— like materials, and
vice-versa for lower k,, values.

This thesis focuses on the results obtained in the strong coupling regime as measured at

ky=0.

Ultra-Strong coupling regime: Due to the high values of coupling constant, g, RWA
breaks down as the counter-rotating term is no more negligible, and the Jaynes-Cummings

model does not hold in this regime, where.

hOg

. =g < wy,

In this regime, the ground state is shifted and the material properties are expected to be

modified.!® The ground state acquires a photonic content and thereby the polaritonic
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2.2 Organic semiconductors

qualities such as delocalization under collective coupling. In Chapter 3, we will show an
example of this for the conductivity of a p-type organic semiconductor under ultra-strong

coupling.
2.2 ORGANIC SEMICONDUCTORS

Conventional inorganic semiconductors such as Si have been dominant since the first
transistors were made with such materials in the 1950’s. Organic semiconductors (OSC) were
first reported in the 1970’s and were seen as very promising since they offered the possibility
of large-scale synthesis, low cost, electronic tuning, room temperature stability, and many other
advantages such as mechanical flexibility. They are typically carbon-based m —conjugated
systems, and have potential applications in optoelectronic and mechatronic devices such as

solar cells, transistors, sensors, thermoelectrics, light-emitting

Common organic semiconductors

I 1 7

78\ band model

hopping model

g i N

10 10° 10% 10' 10° 10t 10° 10°
p/ em? V-1 gl

Figure 2.3. Schematic illustration of ranges of organic semiconductors
theoretically described by hopping or band transport regimes. Reproduced from
ref [107]
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2.2 Organic semiconductors

diodes, and neuromorphic devices. The biggest limiting factor in the use of OSC has been their
low carrier mobility compared to inorganic semiconductors. The first organic field-effect

transistor (OFET), which incorporated polythiophene as a semiconductor, reported a charge

—1.—1 108

carrier mobility of 107> cm?2V ~1s The optimization of device architecture and synthesis
of novel conducting organic systems has improved the charge carrier mobility to reach values
of 11 cm?V~1s71 and 40 cm?V ~1s~1 for electron and hole mobilities respectively. '911° The
conduction mechanism in organic semiconductors are typically described through hopping and

band transport models, and we will briefly discuss both models in the section below.

2.2.1 Transport regimes in organic semiconductors: Hopping and Band models

Based on the localization of charge carriers, transport mechanisms can be explained

112,113’ and

through three regimes: two opposing limiting mode—s - hopping'!! and band regimes
an intermediate mixed regime. The hopping model assumes charge carriers to be localized at
specific sites, which then jump between the sites. This model is applicable within the
constraints of high reorganization energy and small electronic coupling, where the activation
barrier between the localized states exists. In contrast, the band transport theory is valid for
organic semiconductors with delocalized charge carriers. The mean free path of charge carriers
is then longer than the lattice spacing, which is the case for pure organic crystals with large

electronic coupling.!7-114

However, in real systems, charge transport in molecular organic
semiconductors follows the characteristics of the mixture of both regimes and is therefore

described with the intermediate regime model.
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2.2 Organic semiconductors

2.2.1 Hopping model

Spatial and energetic disorders in organic solids result in the localization of charge
carriers. In such organic molecules, charge transport occurs via a hopping process of localized
charge carriers from one specific site to another. Lattice distortion due to localization of charges
in organic semiconductors leads to the downward shift of the conduction band (LUMO) and
upward shift (Ae) of the valence band (HOMO). When this change in ionization potential is
larger than distortion energy (Ae > Ej;s), hopping model dominates over band transport-
leading to the formation of polarons.!!> Polarons are the m — radical ions (radical cations or
anions, with spin 1 /), stabilized by polarizing the medium surrounding it while polaronic states
are the localized states formed in the bandgap. Polaron hopping rate depends on the spatial
overlap between electronic wavefunctions of two sites. Two significant parameters, that
determine the exchange rate and thus the charge carrier mobility, are transfer integral () and
reorganization energy (4).!'¢ Transfer integral quantifies the electronic coupling between
neighboring molecules and depends on intermolecular interactions, molecular packing, and
m — 1 stacking distance, while reorganization energy incorporates both inner (short-range) and
outer (long-range) sphere contributions. Charge transfer leads to the deformation of molecules,
incorporated as inner sphere contributions whereas external contributions results from the

107

changes in the surrounding medium due to charge transfer.””’ The rate of electron transfer

between the donor and acceptor states is given by,

_4mt, 1 A
kee = - o€ ART (2.21)

As can be seen from equation (2.21), large transfer integral (t) and small reorganization energy
(1) result in faster charge transfer rates (k.;), which is required for high hopping carrier

mobility in organic semiconductors.
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2.2 Organic semiconductors

2.2.2 Band theory

In the band transport regime, we assume that the charge carriers are delocalized in the
carrier bands. Holes and electrons reside in the valence band maximum and conduction band

minimum, respectively. The carrier mobility is given by:

T
= — 2.22
H= (2.22)
where m, is the effective mass along the direction of transport and 7 is the average time
between the scattering events for charge carriers. m, can be determined from the parabolic fit

of carrier bands and is given by:

hz
Me = 512

(2.23)

where t is the transfer integral and a is the intermolecular distance. Organic semiconductors
are in this regime when the electron-phonon coupling is small, i.e., when the mean free path of

the charge carrier is larger than the intermolecular spacing, which is observed only at relatively

(a) delocalized band

(b) _ .. large polaron
(©) y W small polaron

v v . vy v v 4 v v 4 v v v v v
- \\\n Ve X Ve YN W P WD Y WD N W N W W TN W™ W T
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& & & &) & .% & &) & -% & &)
322 327
. o 2 S W %

Figure 2.4. Schematic illustration of localization of charge carriers in organic

solids. (a) Band model- fully delocalized band state (b) Intermediate regime—
large polaron delocalized over many molecular sites. (c) Hopping model- a

small polaron is localized on a single molecular site. Reproduced from ref [107]
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2.3 Effect of strong coupling on organic semiconductors

low temperatures. Since the number of scattering events increase with the increase in
temperature, T decreases and therefore, mobility is inversely proportional to temperature.

In most organic semiconductors, charge carriers experience both partial delocalization
in a band all the while encountering traps at specific sites. Hence charge carrier mechanisms in
most organic crystals cannot be explained solely by either the hopping or band transport
idealized models. Therefore, typically the ‘intermediate transport regime’ (a combination of
both models) is employed to study charge transport in organic solids.!®” While the theoretical
model is beyond the scope of this thesis, the regime between polaron hopping and band models
— has charge carriers delocalized over multiple molecular units. Since such large polarons
(Figure 2.4 b) are delocalized, the polaronic states can be described as bands and the

propagation of these polarons are similar to the charge propagation in band theory.!!?

2.3. Effect of strong coupling on organic semiconductors

Although low mobility and large disorder in organic semiconductors limit their
applications in optoelectronics, the delocalized nature of polaritonic states and their coherence
have been shown to provide a pathway to improve transport properties® !>, The large molecular
transition dipole moments make them better candidates for strong coupling over inorganic
solids. In 2015, George et al. reported that the conductivity of an n-type organic semiconductor
can be enhanced by an order of magnitude under ESC with plasmonic modes leading to the
splitting of the conduction band into hybrid light-matter states.* To investigate whether
electronic strong coupling also affects the conductivity of a p-type organic semiconductor
wherein charge transport occurs in the valence band, we have studied the transport properties,

both conductivity and photoconductivity, of regio-regular poly-(3-hexylthiophene) (#7-P3HT)
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2.3 Effect of strong coupling on organic semiconductors

as reported in Chapter 3. It should be noted that another study reporting changes in
photoconductivity of a p-type organic semiconductor under ESC appeared after submission of
our paper.’

Since intermolecular and intramolecular lattice vibrations have a crucial role in
determining charge transport mobility of OSCs,!!""!1” we have investigated the effect of VSC
on the conductivity of highly conducting polymer: poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) by coupling one of its vibrational bands to the plasmonic
resonance. With the help of theoretical calculations done by Prof. Luis Martin-Moreno and his
colleagues, and the fabrication done by Prof. Sang Hyun-Oh’s group, we have optimized the
plasmonic structures with resonances having significantly improved Q (quality) factors
reaching what is necessary for achieving VSC in the mid-IR. We see an enhancement in
conductivity by a factor of 12 under coupled condition. The results will be discussed in Chapter

5.
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CONDUCTIVITY OF A P-TYPE ORGANIC
SEMICONDUCTORS UNDER ELECTRONIC
STRONG COUPLING

3.1 Introduction

As just discussed, in 2015, George et al. reported that the transport properties of an n-
type organic semiconductors can be improved by strongly coupling the electronic transition to
the plasmonic modes. An associated theoretical model showed that such an enhancement in the
mobility of n-type organic molecules in the strong coupling regime is due to the extended
coherence and delocalized character of the collective states, in particular the dark states,
generated from the hybridization with the vacuum field.* However, the effect of electronic
strong coupling on the conductivity of p-type organic semiconductors wherein charge (holes
are majority carriers) transport occurs in the valence band, had not been investigated.
According to the theoretical simulations reported in 2005, the quantum properties of ground
states are also modified in ultra-strong coupling regime because they acquire photonic

character.!% To investigate the effect of ESC on the transport properties of p-type organic
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3.2 Experimental details

semiconductors, we have studied the conducting polymer regio-regular poly(3-
hexylthiophene) (77-P3HT). Since photoconductivity plays a key role in many applications

such as photovoltaics and photodetectors,!?%!?! we have also studied photoconductivity under
ESC. For our study, the electronic transition of P3HT is strongly coupled to the plasmonic
resonance of the hole arrays wherein optical mode can be tuned by changing the periodicity

(P) of arrays. Large parts of this Chapter are taken from the already published work™.

3.2 Experimental details

3.2.1 System under study

The organic semiconductor rr-P3HT (Figure 3.1 a) was synthesized and purified as

122

described in the literature, == it was then dissolved in trichloroethylene by Soxhlet extraction

method and spin-coated on the hole arrays, yielding ca. 85 nm thick films.

3.2.2 Two-terminal device with nanohole arrays

All the 2-terminal electrodes were realized on a glass substrate BK7 (25%25 mm) after
standard cleaning procedures with Hellmanex™ III solution (1.0% solution in milliQ water) in
a 35 kHz sonication bath, then rinsed with water and sonicated for 1 h in (spectroscopically
pure) ethanol. The glass substrates were then dried in an oven covered with Aluminium foil.
100 nm thick Ag electrodes were fabricated using a metallic cross mask containing 12 fingers
(approx. 50 um width) in an electron beam evaporator (Plassys ME 300) at optimized working
pressure (~10 mbar) and deposition rates (~2 nm s™!). Plasmonic hole arrays were generated

by the NPVE software program and milled using a Carl Zeiss Auriga FIB system. 1.0 wt% of
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3.2 Experimental details

rr-P3HT and PDI solutions were freshly prepared by dissolving the molecules in spectroscopic
grade trichloroethylene (Soxhlet extraction) and anhydrous chloroform respectively at ambient
conditions and spin-coating onto the electrodes at 1000 r.p.m., to achieve 85 nm-thick films.
The reddish, smooth rr-P3HT and PDI thin-films were completely dried and annealed on a hot
plate above the glass transition temperature. A passive layer of PVA was spin-coated (~200
nm) further to protect the active layer to avoid direct exposure to air and moisture. For a test
experiment, to introduce an insulating layer in between the metal hole array and organic
semiconductor, 20 nm SiOx was sputtered on top of the metal hole array by using magnetron
sputter under reduced pressure (10 mTorr) at 200 W for 50 sec. On top of the sputtered SiOx,

organic semiconductor and PVA layer were spin coated as explained above.

3.2.3 Electrical characterization of the device

The electrical characterization of the 2-terminal device was carried out by means of a
Cascade Microtech MPS-150 probe station equipped with micro-positioners to contact the
electrode pads. Both the dark current and photoconductivity I-V characteristics are recorded
by means of a Keithley 2636B source meter interfaced with Labtracer 2.0 software.
Photocurrent generation was tested under white light cw illumination and with a super-
continuum ps pulsed laser (NKT Photonics) with a nominal power of 100 mW to 200 mW,
with variable wavelength (500-800 nm; 10 nm FWHM) provided by a SuperK tunable single
line filter. The output of the FC/PC fiber was directed to the center of the electrode covering a

spot size of 2 mm in diameter.

3.3 Results and discussions
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3.3 Results and discussions

The conductivity and the photoconductivity of the rr-P3HT were studied on Ag nano-
hole arrays (having hexagonal periodicity) between drain and source electrodes, using the same
approach as in ref 4. Ag was chosen for its capacity to sustain low-loss surface plasmon modes
in the wavelength range of interest while still providing good injection capacity for the
electrical measurements.* As explained previously, the hexagonal hole arrays were milled with
a Zeiss Auriga dual beam FIB/SEM in a 100 nm thick Ag film and the period P of the holes

were varied (from 320 nm to 560 nm) in such a way that the plasmonic resonances are in the

Hole array period (nm)

(b)

(d) Wavelength (nm)

Hole array period (nm)

500 600 700 800
Wavelength (nm)

Figure 3.1. Strong coupling between surface plasmon and organic
semiconductor: (a) Molecular structure of the p-type semiconductor rr-P3HT
polymer. (b), Schematic representation of ultra-strong coupling between Ag
hole array and rr-P3HT film. Contour image of transmission spectra of the hole
arrays in the (c) absence and (d) presence of rr-P3HT (black curve shows the

molecular absorption) as a function of period ranging from 320 nm to 540 nm
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3.3 Results and discussions

(dashed white lines are guidelines to eyes) (x-axis data is not shown below 415
nm, the lower wavelength limit of our optical spectrophotometer detection).

Figure reproduced from [70].
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Figure 3.2. Surface plasmon resonance of hole arrays, periodicty varied from

320 to 560 nm. Figure reproduced from [7°].

same range as the first absorption bands of the semiconductor. Surface plasmon resonances

(Asp) of hexagonal hole arrays having different periodicity (P) are given by:

V3
p =2 Em¢a (3.1)
XN s PRy '

where, 1 and j are integers; en and &4 are the refractive index of metal and dielectric material

respectively.'?3 The different modes of the hole array is denoted by the indices i and j as (i,j).
Thus Ag hole arrays of given periodicity (320 nm to 560 nm, Figure 3.2) exhibit corresponding
(1,0) and (1,1) surface plasmon modes in the visible region, which can be tuned to the
absorption band of the semiconductors. The hole arrays spin-coated with rr-P3HT was then

covered with a 200 nm PVA (poly vinyl alcohol) film.
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3.3 Results and discussions

The strong coupling regime was verified by measuring their transmission spectra for
different hole array periods P and comparing them with the bare hole arrays (i.e. without
absorber) (Figure 3.1 ¢ and d). We observe a mode bending of the lower polaritonic branch (P-

) in the presence of organic semiconductor. The upper polaritonic branch (P+) is in the UV
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Figure 3.3. Current-Voltage measurement: (a) Schematic representation of the
set-up used to perform conductivity measurement. (b) Current-voltage (I-V)
curves of the rr-P3HT samples as a function of the period P of the hole arrays.
(c) Conductivity enhancement with respect to the in-plane momentum of hole
arrays (top axis shows corresponding hole array period in nm). Blue dots show
the average value of three different experiments and the error bars show the
standard deviation. Red dashed line is a guide to the eye. (d) The conductivity
enhancement observed in c, correspond to the intersection of the rr-P3HT
molecular absorbance (red line) and the surface plasmon resonance for the (1,0;

black dots) and (1,1; blue dots) modes of hexagonal hole arrays in Ag; The violet
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3.3 Results and discussions

stars show the lower polaritonic band. The broad absorption region of rr-P3HT

is highlighted. Figure reproduced from [70].

region and cannot be detected with optical microscope with which the spectra were taken. The
resulting Rabi splitting are estimated to be ca. 0.6 eV for rr-P3HT corresponding to 27% of the
transition energy. Such large Rabi-splitting indicates that the system is in the ultra-strong
coupling regime where all the states of the system are modified with significant consequences
as we will discuss further down.

The conductivity of the samples was then characterized using the setup schematically
shown in Figure 3.3 a. The I-V (current-voltage) curves of the various samples were then
recorded as shown in Figure 3.3 b as a function of the hole period over a voltage range (-5 to 5
V). From the measured I-V curve, current enhancement factor was calculated by comparing
the current in the periodic hole array systems with that of a random hole array. Figure 3.3 ¢
plots the current enhancement factor at = 5V as a function of 2n/P for dark current of rr-P3HT
coated hole arrays with respect to a random array. The current enhancement factor peaks when
the absorption maximum of rr-P3HT crosses the (1,0) and (1,1) modes of the hexagonal
plasmonic array (Figure 3.3 d) and undergoes strong coupling. In other words, this occurs only
when the plasmonic array is in resonance with the rr-P3HT absorption. The small differences,
3% and 8%, between the crossings of the (1,0) and (1,1) modes with the rr-P3HT absorption
(Fig. 3.3 d) and the current peaks (Fig. 3.3 c) is well within experimental error when
considering the following. The surface plasmon mode position in the bare Ag hole arrays can
only be calculated in the absence of the absorber. Obviously, the refractive index and therefore
the surface plasmon modes will be modified by the presence of the absorber even in the absence
of strong coupling. In addition, the rr-P3HT absorption is so broad that it overlaps with both
modes simultaneously. When compared to the conductivity on a random hole array, r»-P3HT

on resonance hole array (P = 500 nm; kx= 0.0126 nm!) exhibits an enhancement factor of ~3
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3.3 Results and discussions

for the dark current measurement. This enhancement is smaller than the maximum observed

for an n-type perylene di-imide semiconductor where it reached a factor of 10. As we

PVA (200 nm thick) 301 ¢

\ P3HT (85 nm thick)

20 nm SiO, (Insulating layer)

@ No SiOx (HA-P3HT)
@ 20 nm SiOx (HA-SiOx-P3HT)

201

|Current| (nA)

104

Voltage (V)

Figure 3.4. a) Schematic representation of the device fabrication with the
insulating layer in between the metal and organic semiconductor. b) Comparison
of I-V curves of the hole array (P=380 nm) samples with and without an

insulating layer in between the metal and organic semiconductor. Figure

reproduced from [70].

Figure 3.5. SEM image of the a) hole array and b) random array, milled on a
100 nm Ag electrode with the cut clearly shown. Figure reproduced from [70].
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3.3 Results and discussions

demonstrated by comparing three different n-type semiconductors, the disorder in the material

appears to have a large negative effect on the enhancement.®® So one possible explanation for

lower enhancement in rr-P3HT, as compared to the best n-type PDI semiconductor we have

tested, is the higher disorder.
Several control experiments were carried out to exclude possible artifacts. The

presence of oxygen can modify the conductivity of rr-P3HT compounds, so we checked that
the results under nitrogen atmosphere for our coated samples were the same within
experimental error. The metal substrate is floating and does not contribute to the conductivity
due to the Schottky barrier at the semiconductor-metal interface. This was confirmed by
depositing a 20 nm insulating SiOx layer between the metal hole array and organic
semiconductor which gave very similar results (Figure 3.4). It was also verified that the
observed boosts in current were not due to the cuts that are made in the hole arrays. As shown

in the SEM image of the array after the cutting (Figure 3.5 a), the edge is smoothed by the FIB
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3.3 Results and discussions

Figure 3.6. Photo-Conductivity enhancement of rr-P3HT with respect to the

in-plane momentum of hole arrays. Red dots show the value and blue dashed

line is guide to the eye. Figure reproduced from [70].
and finally random hole arrays, which have no pronounced plasmon mode, displays no
enhancement (Figure 3.5 b). Enhanced conductivity in a p-type semiconductor under strong
coupling indicates that the charge carrying valence band is also affected by the presence of
polaritonic states even in the absence of illumination.

We now turn to the photoconductivity measurements. Interestingly, the
photoconductivity of rr-P3HT benefits from the enhanced conductivity (Figure S4, SI) under
strong coupling in the same way as the dark current does, although the absolute values are
higher under illumination (Figure 4). The photoconductivity also peaks for the resonant hole
array (P=500 nm; kx=0.0126 nm™') with an enhancement factor of ~3, when compared to that
of on a random hole array (Figure 3.6). Figure 3.7 a shows the linear dependence of the
photocurrent on the excitation intensity for rr-P3HT when measured under white light cw
(continuous wave) illumination. At such low intensities per unit area (<15 mW per cm?), the
fraction of excited state absorbers remains at all time negligible and as a consequence there is
no significant depopulation of the ground state and the collective Rabi splitting is unmodified.
The quantum yield for the photogeneration of charge carriers is estimated to be ca. 5 x 1073 for
rr-P3HT (520 nm illumination). The spectral response of the photocurrent was also studied
using a tunable pulsed laser source (NKT laser) under strong coupling conditions and compared
to that of a random hole array film. The ratio of the current for these two conditions is shown
in Figure 4c and reveals enhanced photocurrent at longer wavelengths than the absorbance peak
of the bare rr-P3HT with a maximum around 620 nm. This corresponds to the P- peak. Since

the spectral enhancement at long wavelengths is due to splitting of the original peak into P+
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3.3 Results and discussions

and P-, a similar enhancement is expected to be seen at shorter wavelength corresponding to

the P+ transition but our tunable laser system cannot reach the corresponding wavelengths.
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Figure 3.7. Photoconductivity under ultra-strong coupling: (a) Photocurrent as
function of the white light illumination power for rr-P3HT and PDI under strong
coupling (P= 500 nm and P=280 nm respectively). (b) Current-Voltage (I-V)
curves of rr-P3HT samples as a function of the period of the hexagonal hole
array under white light illumination (47 mW cm-2). (¢) Spectral response under
ultra-strong coupling (red dots, P=500 nm) as a function of excitation
wavelength, the enhancement factor is the ratio of the photocurrent divided by
the corresponding photocurrent of an uncoupled (random array) rr-P3HT film.
A tunable pulsed laser with a 10 nm bandpass was used for this study. The peak
at 620 nm corresponds to the P- peak. The blue curve gives the absorbance
spectrum of the bare rr-P3HT film. The black lines are guides to the eye. (d)
Idem for PDI under strong coupling (P=280 nm), the peak at 610 nm

corresponds to P- peak. Figure reproduced from [70].
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3.3 Results and discussions

For purposes of comparison, we also studied the photoconductivity of a perylene di-imide

(PDI) n-type semiconductor under strong coupling (Figure 3.8). We have already shown that

this class of compounds exhibits an enhanced conductivity under strong coupling.!!
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Figure 3.8. a) Molecular structure of PDI. Photocurrent as function of the white

light illumination power for PDI under strong coupling (P= 280 nm). b) I-V

curves for PDI as a function of the period P of the hole arrays under illumination

at 570 nm (41 mW cm™). ¢) Conductivity enhancement with respect to the in-

plane momentum of hole arrays under illumination. Red dots show the value

and black line is guide to the eye. d) The resonance in the current in (c)

corresponds to the intersection of the molecular absorbance (blue solid line) and

the (1,0) mode (black dots) of the Ag array plasmon resonances where strong

coupling occurs. The (1,1) mode of the hole array is indicated by red dots. Figure

reproduced from [70].
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3.3 Results and discussions

Figure 3.8 summarizes the results. We observe that the photoconductivity of PDI is also
enhanced upon ultra-strong coupling (Rabi splitting is 34% of transition energy) with two

current peaks appearing at the crossing of the PDI film absorbance peak and the plasmonic
modes. Figure 3.7 a shows the linear dependence of the current with illumination power and
Figure 3.7 d shows that just as for rr-P3HT, the spectral response of PDI is enhanced where P-

absorbs.

3.4 Conclusion

In conclusion, using a p-type organic semiconductor, we have demonstrated that hole
transport in the ground state can also be enhanced by strong coupling. This is in turn a direct
evidence of the polaritonic character of the valence band, in agreement with theoretical
predictions on material properties under ultra-strong coupling.!® We have also shown that the
photoconductivity, like conductivity, can be boosted by the formation of the delocalized
polaritonic states and in addition their spectral response can be extended and tailored by the
coupling strength. This works for both n- and p-type semiconductors. Strong coupling is easy
to implement in a variety of configurations. We, therefore, expect that such results will find
applications in devices where photoconductivity plays a role, in particular in photovoltaics and
photodetectors. Currently, we are also studying two p-type organic semiconductors with
different core structures — perylene and terylene, synthesized by our collaborators from ULB.
Comparing the effect of ESC on the conductivity of both the organic molecules will give further

insight into the fundamentals of ESC.
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SUPRAMOLECULAR ASSEMBLIES UNDER
VIBRATIONAL STRONG COUPLING

4.1 Introduction

Supramolecular assemblies are driven by non-covalent interactions such as London

dispersion forces, hydrogen bonding, hydrophobic, T — 7, and electrostatic interactions. 2123

129

External factors such as light,'?¢ sound,'?’ heat,'?® mechanical forces,'? electrochemical and

130 and surface plasmons'®! are employed to modulate such assemblies for a

magnetic effects,
plethora of applications, including sensors, drug delivery, and tissue engineering. Last year,
Hirai et al. reported that VSC of the solvent leads to selective crystallization of metal-organic
frameworks (MOFs), thus, indicating that VSC can alter molecular organization.’® In this
Chapter, we demonstrate that VSC modifies supramolecular assemblies and their dynamics.
Since the initial idea was to study the effect on the transport properties of self-
assemblies, we have investigated the charge transport properties of conducting polymers under
VSC through two different configurations: Fabry-Perot cavity and plasmonic structures. In the
former configuration, we observed a massive drop in current during one of the conductivity

measurements under ON-resonance conditions. To understand the effect of VSC on the self-

assembly process, we analyzed the system using spectroscopic and imaging techniques. Thus,
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

we found that the morphology of the supramolecular organization is modified under VSC, a
serendipitous observation. The results are summarized in the first section, followed by a

comparative study of structural isomers of phenylene ethynylene to understand the influence
of symmetry on the effect of light-matter strong coupling. Large parts of this Chapter are taken

from our already published works. 3%

4.2. Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

For years, poly(aryl acetylenes) have been of great interest in the semiconductor
industry for polymer electronic devices due to their optoelectronic properties such as efficient
charge and energy transfer because of the extended conjugation between the triple bond and
adjacent phenyl groups.!3%!3% In addition it forms a conductive gel and the gelation
phenomenon has been well studied.!**!3> The structure of the assembled molecules depends on
the polymer's preparation processes and molecular systems. In this section, we explore the

gelation of rigid-rod conjugated polymers under VSC.

4.2.1 Experimental methods

4.2.1.1 System under study

We selected dinonanyloxy-substituted poly(para-phenylene ethynylene) (PPE, inset of
Figure 4.1 ¢) for our study. Concentrated solutions of PPEs form one-dimensional nanowires
growing into a fibrous network via thermal saturation. In its gel form, PPEs exhibit lamellar
packing, which is responsible for the appearance of a well-resolved planarization band in the

absorption spectra. In general, both the absorption and the fluorescence spectra of PPEs are
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

sensitive to molecular packing. Figure 4.1 ¢ shows the vibrational spectra of PPE and dcb (o-

dichlorobenzene). Due to the limited solubility of PPE in dcb, it is not possible to directly
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Figure 4.1. a) Schematic representation of cooperative strong coupling between
molecular vibration and optical mode of Fabry-Pérot cavity leading to the
formation of vibro-polaritonic states. b) Illustration of a microfluidic Fabry-
Pérot cavity containing a molecular solution. c¢) FT-IR transmission spectra of
PPE (red curve) and dcb (black curve), blue dashed line shows the overlap of
aromatic C=C stretch in PPE and dcb at 1460 cm™" and the inset shows the
chemical structure of dinonanoyloxy-substituted poly(para-
phenyleneethynylene) (PPE). d) FT-IR transmission spectra showing the vibro-
polaritonic states formed when the aromatic C=C stretching mode at 1460 cm"
lof the PPE/dcb solution (20mg/ml) is strongly coupled to the cavity. Figure
reproduced from [59]
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

couple the solute. Therefore, we adapt the concept of cooperative effect, i.e., if the solute and

solvent have overlapping bands, it is possible to couple the solute via the solvent.

4.2.1.2 Fabrication of Fabry-Perot cavity

To study the effects of VSC on the supramolecular organization of PPE, we have used
microfluidic tunable optical Fabry-Perot (FP) cavities. The FP cavity (Figure 4.1 b) consists
of two parallel mirrors fabricated by sputtering 10 nm of Au on CaF> substrates and protecting
them with a 100 nm thick layer of spin-coated polyvinyl alcohol (PVA). The two mirrors were
separated by a 10 um thick Mylar spacer and assembled into a microfluidic cell. The spacing
between the two mirrors is finely tuned with four screws holding the microfluidic cell together
(see URL: https://seafile.unistra.fr/d/7bb78e5a4607424194b5/) to couple the desired

vibrational mode of the solvent o-dichlorobenzene (dcb) in which PPE is dissolved.

4.2.2 Results and discussions

4.2.2.1 Characterization through absorption and fluorescence studies

PPE is strongly coupled to the 7" optical mode of the FP cavity by coupling the aromatic
C=C stretch of dcb (1460cm!), which leads to the formation of vibro-polaritonic states (Figure
4.1 a, d). Figures 4.2 a-c show the progression of supramolecular self-assembly recorded every
0.5 minutes with a Shimadzu spectrophotometer, at 24 °C, in non-, OFF- and ON- resonance
cavities. In non- and OFF-resonance cavities, the results are identical with the appearance of
a sharp maximum at 478 nm corresponding to the planarization band (planar assembly of the
136,137

PPE) and a slight decrease in the band at 440 nm, in agreement with the literature.
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

Spectral evolution under ON-resonance is entirely different, with a red-shifted isosbestic point
suggesting a new type of assembly. The band at 478 nm is much less pronounced, and the 440
nm band is red-shifted and broader. The self-assembly rate constant increases by ca. 20% under
cooperative VSC (see Table 4.1). Figures 4.2 d-f show the final absorption and fluorescence
spectra of the assemblies. The latter spectra are again very different for the supramolecular

assembly under cooperative VSC.
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Figure 4.2. Absorption spectra showing the time evolution of self-assembly in
a) non-cavity, b) OFF-resonance, and ¢c) ON-resonance cavities. Absorption and
emission spectra of the self-assembled structures were recorded in d) non-
cavity, e¢) OFF-resonance, and f) ON-resonance cavities. Figure reproduced

from [59]
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

Experiment Vibrational mode  Rabi splitting Morphology Rate constant

(cm™) (hQg, cm™) (1073 sec™)
PPE/dcb

Non-cavity Fibers 6.2+0.19

OFF-resonance Fibers 6.3+0.25

Coop. ON-resonance’ 1460 62 Flakes 7.4+0.07

ON-resonance’ 1435 40 Fibers 8.1£0.21

ON-resonance’ 1127 46 Fibers 1.8+ 0.02

PPE/D4-dcb
Non-cavity Flakes 3.4+0.03
ON-resonance’ 1345 64 Flakes ~3*

Table 4.1: Morphology and rate constants of the PPE supramolecular assembly.

§= ON-resonance cavity experiment under cooperative VSC of solvent and

solute; ¥ = ON-resonance cavity experiments with VSC of only solvent. *

value estimated from first half-life due to complex kinetic trace. Reproduced

from ref [59]
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Figure 4.3. (a) FT-IR transmission spectra showing the vibro-polaritonic states
formed when aromatic C=C stretch of solution (PPE/dcb) at 1127 cm™ is
strongly coupled to the cavity. (b) Absorption spectra showing the evolution of
self-assembly in an ON-resonance cavity. (c) Absorption and emission spectra
of the self-assembled structures recorded in an ON-resonance cavity (d) the

corresponding self-assembly kinetics. Figure reproduced from [59]
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC
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Figure 4.4. (a) FT-IR transmission spectra showing the vibro-polaritonic states
formed when aromatic C=C stretch of solution (PPE/dcb) at 1435 cm! is
strongly coupled to the cavity and is detuned at 1460 cm'. Note that the
vibrational band at 1460 cm™ suppresses the VP+ peak. (b) Absorption spectra
showing the evolution of self-assembly in the ON-resonance cavity. (c)
Absorption and emission spectra of the self-assembled structures recorded in the
ON-resonance cavity and (d) the corresponding self-assembly kinetics. Figure

reproduced from [59]

Finally, VSC of other vibrational bands of the solvent, such as the ones at 1127 ¢cm’!
(Figure 4.3 a, C-H deformation mode) and 1435 cm! (Figure 4.4 a, asymmetric aromatic C=C
stretching mode), modify the kinetics (Figure 4.3 d, Figure 4.4 d) as summarized in Table 4.1.
While the absorption spectra of the final assembly are very similar to the non-cavity case, there
is a small 4 nm shift in the isosbestic points (Figures 4.3 b and 4.4 b), indicating some change
in the organization at the molecular scale. It should be recalled that only the solvent is coupled

in these cases.
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

4.2.2.2 Morphology studies through SEM and TEM

The resulting assemblies were characterized by scanning and transmission electron
microscopies (SEM and TEM) to verify whether the supramolecular organization is modified
under cooperative VSC. The different cavities were opened after the evaporation of the
solvent, and CaF» substrates were directly studied first by SEM. The deformation of CaF»
windows under tuning restricts the ON-resonance region to the tuned central area of the cavity.
When analyzing this area, the SEM images of material in non-cavity and ON-resonance cavity
show a significant difference in the structure of the supramolecular organization (Figures 4.5 a
and d). A fibrous network is seen for both non- and OFF-resonance cavities, typical of PPE
self-assembled structures. In contrast, the PPE formed large flakes for the ON-resonance
condition, as seen in Figure 4.5 d. Furthermore, in the latter case, if one moves to an area that
is OFF-resonance due to deformation of the mirrors, fibers are seen as expected.

To further understand the packing structures on a smaller scale, PPE self-assembled
material was transferred to a TEM grid and imaged. To transfer the self-assembled structures,
selected region on the surface of CaF2 substrate was scratched using a diamond cutter under
an acetone drop, as shown in Figure 4.5 g, and the fragments were collected on a TEM grid.
Figures 4.5 b and c reveal the ordered lamellar packing of the PPE fibers in agreement with the
literature.!3137 In the ON-resonance cavity, on the other hand, the flakes appear completely
amorphous, as seen in Figures 4.5 e and f. Nevertheless, the peak at 478 nm in Figure 4.2 ¢

indicates that some packing order remains at the molecular scale.
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

Figure 4.5. SEM and TEM images of PPE rigid polymer assembled into the fibrous

network in non-cavity (a-c) and flakes under cooperative VSC (d-f). a and d are SEM
images, and b, c, e, and f are TEM images. (g) [llustration of the method used to transfer

samples to the TEM grid. Figures a-f reproduced from [59]

4.2.2.3 Detuning studies

A fibrous network is seen for both non- and OFF-resonance cavities, typical of PPE
self-assembled structures (Figures 4.6 d, h and t). In contrast, the PPE formed large flakes for
the ON-resonance condition, as seen in Figures 4.7 | and p. Furthermore, in the ON-resonance
case, if one moves to an area that is OFF-resonance due to deformation of the mirrors, fibers

are seen as expected. The complete results of detuning experiments are shown in Figure 4.6.
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Figure 4.6 Results from the cavity tuning experiment. (a) FT-IR transmission
spectrum of an OFF-resonance cavity. (Black solid line is the FT-IR transmission
spectrum of dcb) (b-d) are the corresponding absorption spectra, kinetics and SEM
image of fibrous network formed in the OFF-resonance cavity. () FT-IR transmission
spectrum of the cavity where the optical mode is detuned from the vibrational mode
at 1460 cm™! but strongly coupled to the mode at 1435 cm!. (f-h) are the corresponding
absorption spectra, kinetics plot and SEM image of fibrous network formed in the
detuned cavity. (i) FT-IR transmission spectrum of an ON-resonance cavity. (j-1) are
the corresponding absorption spectra, kinetics plot and SEM image of amorphous
flakes formed in the ON-resonance cavity. (m) FT-IR transmission spectrum of the
cavity with optical mode slightly detuned to the higher wavenumbers. (n-p) are the
corresponding absorption spectra, kinetics plot and SEM image of amorphous flakes
formed in the cavity. (q) FT-IR transmission spectrum of an OFF-resonance cavity
with cavity mode at higher wavenumbers. (r-t) are the corresponding absorption
spectra, kinetics plot and SEM image of fibrous network formed in the OFF-resonance

cavity. Figure reproduced from [59].
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC
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Figure 4.8. (a) FT-IR transmission spectra of PPE (red curve) and Ds-dcb (mustard-
yellow curve), (b) FT-IR transmission spectra showing the vibro-polaritonic states
formed when aromatic C=C stretch of solution (PPE/Ds-dcb) at 1350 cm! is strongly
coupled to the cavity. (c) Absorption spectra showing the evolution of self-assembly
in ON-resonance cavity. (d) Absorption and emission spectra of the self-assembled
structures recorded in ON-resonance cavity and (e) the corresponding In plot of self-

assembly. Figure reproduced from [59]
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4.2 Supramolecular assembly of Poly(para-phenylene ethynylene) under VSC

4.2.2.4 Isotope studies

In Table 1, while cooperative VSC perturbs both the kinetics and the morphology of
the PPE supramolecular assembly, coupling the solvent alone just leads to kinetic changes. To
gain further insight into the factors influencing these results, the PPE assembly was studied in
a deuterated solvent, 1,2-dichlorobenzene-Ds. While cooperative coupling is not possible in
this case because none of the vibrations of this deuterated solvent match that of PPE (Figure
4.8 a), the spectral changes in a non-cavity (deuterated, Figure 4.7 a, b) are very similar to the
ON-resonance under cooperative VSC (non-deuterated, Figure 4.2 c, f) with the appearance of
flakes as shown in Figure 4.7 c.

Under VSC of the deuterated solvent (Figure 4.8 b), nothing changed in morphology
and spectra (Figure 4.8 c, d) with respect to the non-cavity of the same solvent as summarized
in Table 1. There are reports showing the effect of isotope substitution (upon changing from
H>O to D20) on the rates and morphology of other self-assemblies such as J-aggregate
formation and self-assembled macroions.!¥*!13% Change in charge distribution around atoms and
molecules due to the isotope effect leads to the modification of intermolecular interactions.
140.141 This can cause a disparity in the energy barrier during the self-assembly process, creating
a difference in kinetic rates. Since the interactions between solute and solvent are also
modified, it affects the self-assembly pathway and thus the modification of morphology of
supramolecular organization.

In light of these observations, it is clear that vibrational strong coupling strongly
influences the evolution of supramolecular assembly. To verify the possible influence of
symmetry of molecules on the effect of strong coupling, we now compare the self-assembly of

structural isomers of organic molecules- phenylene ethynylenes under VSC.
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

4.3.Supramolecular assembly of Oligo phenylene ethynylene under VSC

4.3.1 Experimental methods

We have studied two structural isomers of phenylene ethynylenes (PE) molecules: linear
and bent isomers having different polarities. PE based molecular systems are known to
aggregate through n—m stacking and CH- & interactions.!*? We observed that VSC has a
profound effect on the self-assembly of V-shaped isomers but surprisingly not on the other, as
presented below. The PE molecules (PE1 and PE2) were synthesized by palladium-catalyzed
Heck-Cassar-Sonogashira-Hagihara cross-coupling reactions (Scheme 4.1). ' 1In this
synthesis, diiodobenzene is allowed to react with two equivalents of phenylacetylene in the

presence of Pd(PPh3)>Cly, Cul, and triethylamine at room temperature under an inert

atmosphere.
s IR e
YR %
/_\:@Z\_/ OOO
PE1 PE2

Scheme 4.1. Synthesis of PE molecules: (i) Pd(PPh3)>Cl,, Cul, triethylamine,
and tetrahydrofuran. The linear isomer is labeled as PE1 and the bent molecule

as PE2. Reproduced from [60]
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Figure 4.10. (A,B) Fourier transform infrared (FTIR) spectrum of toluene (A,
blue trace) taken in a cell is compared with the attenuated total reflectance IR
spectra of PE1 (B, green trace) and PE2 (B, black trace). All the molecules show
a vibrational transition around 1603 cm!, and which facilitates the cooperative

strong coupling. (C) FTIR spectrum of the off-resonance cavity, where none of
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

the optical modes (red traces) of the cavity are in resonance with the vibrational
transitions of PE and toluene (blue trace). (D) On-resonance cavity where the
IR peak at 1603 cm™ of the PE and toluene are coupled with the 5" mode of the
FP cavity. Figure reproduced from [60]

Using the method mentioned in previous section (Section 4.2.1.2), Fabry-Perot cavities
were fabricated (Figure 4.9 B). The vibrational spectrum of toluene in a cell (i.e., non-cavity
made by assembling of two CaF, windows separated by a 8 uM Mylar spacer without the Au
mirror coating) was recorded and compared with the infrared (IR) spectrum of the PE
molecules (Figure 4. 10 A,B). The C=C stretching frequency of the toluene and the PE
molecules is very close at ca.1603 cm-1, enabling the cooperative coupling of toluene and PE.
In other words, toluene is strongly coupled, and intermolecular interactions in the solvation
shell drive the VSC of the resonant PE molecules.!” The concentration of the PE molecules
was 9 mM in toluene, and thus, the absorbance of neat toluene (ca. 9 M) completely dominates
at 1603 ¢cm!. The OFF-resonance cavity (Figure 4.10 C, red curve), in which none of the
vibrational transitions of toluene and PE are in resonance with the optical modes of the cavity,
serves as a control experiment. The ON-resonance condition was achieved by coupling the
aromatic C=C stretch of toluene to the 5™ cavity mode of the FP cavity (Figure 4.10 D), where
the Rabi splitting was found to be 24 cm™ which is larger than the full width at half maximum
(FWHM) of the cavity modes (20 cm™) and the vibrational transitions (7 and 9 ¢cm™!, toluene

and PE respectively), thereby meeting the necessary conditions for VSC.

4.3.2 Results and discussions

The self-assembly of the PE molecules in toluene in the presence and absence of

VSC was investigated by both spectroscopic and imaging techniques. First, we will discuss the
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

effect of VSC on the supramolecular organization of PE2 (bent molecule). This section is

followed by the study of PE1 (linear molecule) under similar conditions.

4.3.2.1 Characterization through absorption and fluorescence studies

Figure 4.11 shows the results for the PE2 molecule under cooperative VSC. The

experiments were carried out at a fixed temperature (23 °C) with 9 mM PE2, and the absorption
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Figure 4.11. (A-D) Spectroscopic investigations of the self-assembly of PE2
molecules (9 mM in toluene, 23°C) under ON-resonance (A,B) and OFF-
resonance (C,D) conditions. Self-assembly of the PE2 molecule is monitored as
a function of time by UV-vis absorption spectroscopy under VSC (A) and OFF-
resonance (C) conditions (spectra are recorded every minute). The emission
spectra (B,D) of the PE2 monomer (black dashed line) and after aggregation in
the presence (B, red trace) and absence (D, blue trace) of VSC. Figure
reproduced from [60]
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

was monitored in the presence (Figure 4.11 A) and the absence (Figure 4.11 C) of VSC as a
function of time. As a result of the aggregation, we observed a decrease in absorbance in both
cases. Interestingly, a small but significant difference in the absorption spectrum of the self-
assembled structures is found under VSC.

It is well known in the literature that the different types of aggregate packing result in
a change in electronic absorption and emission properties in such conjugated molecules.'4>144
Thus, we also checked the fluorescence of the different samples under ON-resonance and OFF-
resonance conditions and compared it with the emission spectrum of the monomer (Figure 4.10

B,D). As can be seen, VSC induces drastic changes in the fluorescence spectrum, confirming

that the self-assembled structure has a different packing under strong coupling.

4.3.2.2 Morphology studies through imaging techniques: SEM and optical microscopy

Next, scanning electron microscopy (SEM) was used to visualize the structural changes
induced by VSC (Figure 4.12 A-D). The cavities were opened, and the substrates were directly
studied under SEM. Interestingly under cooperative VSC of PE2, mostly spherical structures
are formed, as is clearly visible in the sample, whereas, in the absence of strong coupling, the
aggregation of PE2 resulted in the formation of 2D amorphous flakes (Figure 4 C, D).
Interestingly, the spherical structures are very large, ranging from 2 to 20 pm in diameter, and
sparse, probably due to few nucleation events. They consist of an outer wall and a dense core
that scatters brightly in the SEM image, and these are separated by a dark zone suggesting
much less material present. The formation of monomer molecules upon dissolving the
aggregates formed in the absence and presence of VSC in a good solvent discard any type of

chemical modifications. The optical images taken before opening the ON- and OFF- resonance
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

Figure 4.12. SEM images of the structures formed after the self-assembly of
PE2 under VSC (A,B) and off-resonance (C,D) conditions. (E) Schematic
representation of the formation of different self-assembled structures in the

absence and presence of VSC. Figure reproduced from [*]

Figure 4.13. Characterization of PE2 aggregates with optical microscopy under

(A) OFF-resonance and (B) ON-resonance conditions. Note: under OFF-
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

resonance conditions, aggregation of PE2 results in the formation of amorphous

flakes and forms spheres under VSC. Figure reproduced from [60]
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Figure 4.14. Self-assembly of PE2 carried out under non-cavity conditions. (A)
The absorption spectrum of the PE2 molecule before and after aggregation. (B)
Emission spectrum (B) and the SEM image of PE2 aggregate. Note: cell
experiments resemble the OFF-resonance aggregation of PE2. Figure reproduced

from [60]

cavities (Figure 4.13), confirm that the corresponding spherical structures and flakes are
already present in the solution.

The aggregation experiments in a non-cavity under similar conditions were also
performed as a control experiment. The absorption, emission, and structure of the aggregates
are identical to those of OFF-resonance conditions as shown in the Figure 4.14. We will now

discuss the PEI results in cavity.

4.3.2.3. PEI supramolecular structures formed inside and outside the cavity

Figures 4.15 A and B show the FTIR transmission spectra of OFF- and ON-resonance
cavities with PE1 molecules. In the latter one, optical mode is coupled to the aromatic C=C

stretch of toluene. From the spectroscopic and imaging data (Figure 4.13 C-H), one can confirm
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

that the self-assembled structures of PE1, the linear isomer of phenylene ethynylene, were not

modified by cooperative VSC, under the identical conditions. It is clear from these results that
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Figure 4.15. (A) FTIR spectrum of the off-resonance cavity, where none of the
optical modes (red traces) of the cavity are in resonance with the vibrational
transitions of PE1 and toluene. (B) On-resonance cavity where the IR peak at
1603 cm! of the PE1 and toluene are coupled with the optical mode of the FP
cavity. (C,D) Absorption spectrum of the PE1 before and after aggregation
under off-resonance (C) and on-resonance (D) conditions. (E,F) Emission

spectrum of the self-assembled product formed in the absence (E) and presence
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4.3 Supramolecular assembly of oligo phenylene ethynylene under VSC

(F) of VSC. (G,H) SEM images of the aggregates formed under off-resonance

(G) and on-resonance (H). Figure reproduced from [60]

PE2 (Cyy point group) has larger dipole moment than that of centrosymmetric PE1 (D«n point

group) which might make more sensitive towards the changes induced by cooperative VSC.

4.4. Conclusion

PPE and OPE results confirm that cooperative VSC drives the self-assembly
process through a different chemical potential landscape, thus modifying their morphology and
kinetics. Isotopic differences in vibrational anharmonicities alter the electronic properties of
molecules, thus, affecting chemical equilibrium, reaction kinetics, and self-assembly processes.
140,141 The similarities between the isotope effect and cooperative VSC observed for PPE
molecules suggest that the shift in vibrational frequencies and other fundamental parameters
might modify the self-assembly processes. In addition, the OPE results indicate that symmetry
and the dipole moment of the molecules has a significant role in determining the effect of VSC
on supramolecular interactions in agreement with earlier studies.’-34

The most likely reason for these observations is a modification in the dispersive
interactions. As known from quantum electrodynamics, vacuum electromagnetic field
fluctuations occur everywhere in the universe and play an essential role in the van der Waals
dispersive forces.’® The dispersive interactions might therefore be amplified by the strong
coupling with the vacuum field and the coherent collective coupling of many solvent molecules
to the same optical mode. So it is perhaps not surprising that the supramolecular interactions

are modified under strong coupling with the ‘vacuum’ electromagnetic field. These results

indicate that VSC can alter solvent properties and solvation.
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4.4 Conclusion

To summarize, the modification of supramolecular organization under VSC is a
powerful example of the potential of light-matter strong coupling to control molecular
processes. Once the complex effect of VSC on solvents and intermolecular interactions is better

understood, it could be used to manipulate supramolecular assemblies in a systematic way.
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CONDUCTIVITY OF PEDOT: PSS UNDER
VIBRATIONAL STRONG COUPLING

5.1 Introduction

It has already been shown that coupling the electronic transition of a p-type and n-
type organic semiconductor to optical modes can enhance their conductivity and
photoconductivity as discussed in Chapter 3. 31 Since lattice vibrations are known to have a
significant role in the transport properties of organic semiconductors, in this Chapter, we
explore the effect of VSC on the conductivity of the poly(3,4-ethylene dioxythiophene)
polystyrene sulfonate (PEDOT: PSS, structure shown in Figure 5.1). Due to its optical
transparency, thermal stability, and high conductivity, this conducting polymer has received
much attention in the past years. The conductivity of PEDOT: PSS can be significantly
enhanced by secondary doping,'*~'%7 and light!*® and thermal treatments.!** However, due to
its instability in air, the polymer chain gets oxidized (formation of carbonyl group) and the
conductivity drops. Here, we demonstrate that VSC can not only enhance the conductivity of
the material but also restore the conductivity of the polymer film when coupling the defect

C=0 stretching mode.
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5.1 Introduction

For this work, the conducting polymer was coupled to surface plasmons (SPs). We
recall that SPs are formed from the coupling of the electromagnetic field with the collective
electron oscillations of a metal. Since the momentum of SPs is larger than that of freely
propagating light, specific conditions are required to attain momentum-matching. One way to
optically excite SPs is to illuminate the metal surface through a dielectric prism which has a
higher refractive index, thus increasing the momentum of light. The alternative option is to
corrugate the metal surface with a periodic grating for attaining the coupling condition:

ksp =ko £G (5.1)
where the difference between the momentum of freely propagating light (k9) and surface
plasmons (ksy) is matched through the reciprocal wavevector of the grating (G).'>° In 1998, it
was shown that transmission through a 2D periodic array of subwavelength holes can be
strongly enhanced through the phenomenon of extraordinary optical transmission (EOT).!>!
This triggered lot of research in plasmonics in the early 2000s, 123152161 gome of which focused

also on the 1D arrays of slits!6!-16¢

— the simplified version of hole arrays. Since the metallic
gratings are at the substrate — air interface, the SP resonant frequencies on both interfaces are
detuned by the index difference. This asymmetry can be removed by the fabrication of samples
with the dielectric - index matching,!3%-167-168

Recent works have shown the possibility of achieving momentum matching through

169-174 put it is still difficult to achieve strong coupling

periodic gratings in the mid-IR region,
conditions. Theoretical calculations done by Prof. Luis Martin-Moreno and his colleagues at
the University of Zaragoza, showed that to obtain the SP modes with the required features for
strong coupling it was not only important to have index matching but also have deep narrow

slits. Such high contrast structures are hard to fabricate and we asked Prof. Sang Hyun-Oh and

his group at the University of Minnesota, to help us. After several trials, plasmonic structures
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5.2 Experimental methods

with resonances having significantly improved Q (quality) factors reaching what is necessary

for achieving VSC in the mid-IR were prepared and tested.

5.2. Experimental methods

5.2.1 System under study

For this experiment, an initial screening was carried out on many organic
semiconductors to measure their transport properties under VSC. However, low conductivity
(over large channel lengths) and poor film quality (for >1 um thick films) limited the possibility
of achieving the strong coupling condition and recording conductivity measurements for many
of the candidates. The p-type semiconductor PEDOT: PSS, however, works well. Due to its

high conductivity (0.4 to 4080 S/cm), PEDOT: PSS, developed at Bayers AG research lab in
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Figure 5.1. Schematic representation of the morphology and chemical structure

of PEDOT: PSS. Reproduced from [175]
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the configuration optimized for measuring the conductivity of organic
semiconductor under VSC. Illustration of Au gratings on Si substrate with a (b)

50 nm insulation layer to avoid strong coupling condition and (c) thick layer of
sapphire to achieve index matching. (d) FTIR spectrum of poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT: PSS), inset shows the chemical
structure of PEDOT: PSS. (e) FTIR transmission spectra of Si substrates with

50 nm insulation layer and thick layer of Sapphire. (f) Plot of total resistance
versus channel length measured for ~1.1 um thick films of PEDOT: PSS spin-
coated on thick (~5 pm) layer of sapphire.

70



5.2 Experimental methods

Germany, has been used to make large electronic devices!’®'8! The conductivity of the
polymer depends on the PSS content, particle size distribution and the morphology of dried
particles (or morphology of grains) in the film, the latter varies with respect to the annealing
conditions.!” The hole polaron transport into the PEDOT segments is not the only factor
determining the electrical conductivity, but also their hopping between grains.!®? As thickness
of the film increases, the polymer chains becomes disordered and the surface becomes rougher
(low crystallinity).!31%* Trreversible structural changes due to thermal annealing!8%!85 or UV
light!'® reduces the polymer chain length and decreases the conductivity. The C=0 stretch, seen
at 1728 cm! in the FTIR spectrum of the film (Figure 5.2 d), is due to the oxidation of polymer
chain which reduces its conductivity. For our experiments, commercially available PEDOT:
PSS solution (3.0 —4.0% in H>0O, Sigma-Aldrich) was sonicated for 2 hours before spin-coating

on the substrates. The spin-coated samples were then annealed at 105 °C in air for 5 minutes. '8’

5.2.2 Optimization of plasmonic gratings

Plasmonic structures are well suited for conductivity measurements (Figure 5.2 a) but it
is difficult to achieve strong coupling conditions due to the broad SP dissipative resonances.
Following the simulations discussed in the introduction, deep metal gratings (depth: 1 um)
were fabricated on double-sided polished Si wafers (Figure 5 b, c) using electron beam
lithography (EBL) and their transmission spectra were recorded using the FTIR setup. At first,
we measured the transmission spectra of the samples (shown in Figure 5.2 b), with gratings of
different periodicity Pg (3.5, 4, 4.5, and 5 um) fabricated on Si wafer with a thin 50 nm
insulation layer. The lack of index matching in this first set resulted in poor quality plasmonic

resonance, and so it was not possible to achieve strong coupling condition with the polymer.
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5.2 Experimental methods

The poor quality SP modes is not surprising when one recalls that the refractive index of Si in
the mid-IR is around 3.4 and hence the index contrast is very large on the bare Si substrate.
To achieve strong coupling, index matching was obtained by sputtering a thick layer (5
um) of sapphire (Al2O3) on the Si wafer, as detailed in the next paragraph, before depositing
the metal and making the plasmonic structures. The refractive index of Al2Os is around 1.6, a
close match to the conducting polymer. Periodicity (Figure 5.2 ¢) was varied by changing metal
strip-width and keeping the slit-width and depth constant. Figure 5.2 e shows the optical
transparency of Si wafers in mid IR region with 5 pm thick insulation layers in the absence of

gratings.

5.2.2.1. Deposition of thick layer of A1>O3

Deposition of Al2O3 above critical temperature leads to the blistering of the AL>O; film
due to the gaseous desorption on the surface. To avoid this, we have followed the procedure
reported elsewhere.!®® The double-sided polished Si wafer is baked at 350 °C and then cooled
down to room temperature. The passivation layer (50 nm of Al,O3; which inhibits the gaseous
desorption from the surface) is then deposited on top of the Si wafer, through radio frequency
sputtering in Plassys MP400S equipment. After a second annealing at 350 °C, AlbO3 was

deposited for ~35 hours to achieve the desired thickness (~5 pm).

5.2.3 Electrical characterization of the samples

The 2-terminal device was electrically characterized using Cascade Microtech MPS-
150 probe station equipped with micro-positioners to contact the electrode pads. The I-V curves

were recorded by means of a Keithley 2636B source meter interfaced with Labtracer 2.0
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5.3 Results and discussions

software. The plots of total resistance (which is the product of the sample resistance, contact
resistance and the channel width w) versus channel length measured for ~1.1 pm thick films of
PEDOT: PSS spin-coated on substrates with ~5 um thick insulation layer (i.e. in the absence
of plasmonic structures) are shown in Figures 5.2 f. From such plots, the contact resistance and

the sample resistance can be extracted:!8%1%

5.3 Results and discussions

5.3.1 Characterization of gratings

SEM images of gratings with periodicities (Pg) 3.5, 4 and 5 pm are shown in Figure 5.3

a-c. and the corresponding FTIR transmission spectra are shown in Figure 5.4 a, c and e. We

Figure 5.3. SEM images of gratings (fabricated on substrates with thick layer

of sapphire) with Pg = (a) 3.5 um, (b) 4 pum and (c) 5 pm.
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Figure 5.4. FTIR spectra of substrates with a thick (~5 pm) layer of sapphire,
for Pg=3.5,4 and 5 um, as a function of angle for both bare gratings (a, ¢ and

e) and coated ones with PEDOT : PSS film (b, d and f). The PEDOT:PSS is
~1.1 pm thick.

observed three sharp plasmonic resonances. The peaks around ~1500 and ~2000 cm™! are non-

dispersive while the third peak is dispersive (propagating surface plasmon) and varies with
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the grating period (Pg = 3.5 um - ~2400 cm™!, Pg =4 pm - ~2250 cm™!, and Pg =15 pum - ~1800
cm™). The non-dispersive peaks are probably due to slit modes which are formed due to the
impedance mismatch between the slit gap and free space.'®! The samples with similar
periodicities but varying slit-widths are being fabricated to confirm the nature of these modes.
Figures 5.4 b, d and f shows the FTIR spectra of gratings spin-coated with ~1.1 pm thick
PEDOT: PSS films. In Pg = 3.5 um (Figure 5.4 b), the small peak at 1750 cm™! is coupled (Rabi
splitting ~ ca. 120 cm™") to the C=0 stretch of the conducting polymer. C=0 stretch of PEDOT:
PSS is coupled to the dispersive plasmonic peak in gratings with Pg =5 um (Figure 5.4 d, Rabi
splitting ~ ca. 83 cm’!), while aromatic C=C stretch is coupled to the non-dispersive peak in

Pg =4 um (Figure 5.4 f, Rabi splitting is ~ ca. 150 cm™).

5.3.3 Conductivity measurements

5.3.3.1 Pristine PEDOT: PSS

The conductivity of pristine PEDOT: PSS (processed through the method discussed
above) is ca. 0.08 S/cm. This is smaller than that reported in the literature for a non-oxidized

film. As discussed before, this is probably due to the oxidation of the film during processing.

5.3.3.2 PEDOT: PSS on gratings (~ 50 nm thin insulation layer)

Since it is not possible to achieve strong coupling condition with these gratings having
~50 nm thick insulation layer due to lack of index matching, it is not surprising that we do not
see any change in the conductivity of PEDOT: PSS films (Figure 5.5 a) compared to the control

sample (Red trace).
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5.3 Results and discussions

5.3.3.3 PEDOT: PSS on gratings (~ 5 um thick insulation layer)

The current-voltage curves (Figure 5.5 b) are plotted as a function of the Pg of the

metallic gratings. The black trace shows the I-V curve of PEDOT: PSS without coupling it to

the gratings’ plasmonic resonance, serves as control measurement. As discussed before, the

calculated conductivity value (o) of bare film (black trace) is lower than the literature

reports.'?112 Conductivity of PEDOT: PSS on bare gold film serves as additional control

experiments, we observed a small increase in the conductivity of the conducting polymer on

gold film. When the plasmonic resonance is coupled to different vibrational stretches of

PEDOT: PSS film, as can be seen from Figure 5.5 b (green, blue, and red traces), conductivity

of the polymer
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is enhanced. With the gratings Pg = 5 pum, the plasmonic resonance is coupled to the C=0
stretch of PEDOT: PSS film. From the I-V curves (Figure 5.5, green trace), we can see that

current is enhanced by a factor of ~60 and the calculated conductivity (o) is 0.92 S/cm. An
increase in current (blue and red traces) is also observed when the C=C stretch of the high
conducting polymer is strongly coupled to the plasmonic resonance of gratings Pg =4 pm and
the calculated conductivity value (o) is 0.7 S/cm. With the gratings Pg = 3.5 um, C=0 stretch
of the polymer is coupled to the non-dispersive peak and the calculated conductivity value (o)

1s 0.3 S/cm.

5.4 Conclusion

The enhanced conductivity of PEDOT: PSS films under vibrational strong coupling
indicates that even by coupling the vibrational transitions, one can enhance the transport
properties of organic semiconductors. Interestingly coupling the defect C=0O stretching mode
restored the conductivity of the semiconductor. Such an enhancement in conductivity is
probably due to the collective and coherent character of vibro-polaritonic states which might
be helping the conducting polymer to overcome the defects. By defects, here we are referring
to the oxidized films which shortens the conjugation and chain length and thus limits the
hopping of charge carriers. Our results indicate that like ESC, VSC can also be used as a tool
to improve the transport properties of organic semiconductors and probably other transport
properties such as of excitons. To complete this work, further experiments are necessary to

confirm the results and understand many of the details.
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CONCLUSION AND OUTLOOK

The possibility of large-scale synthesis, low cost, electronic tuning, room temperature
stability, and many other advantages of organic semiconductors (OSCs), has triggered much
research over the past 50 years because of the potential. Despite much improvement in their
properties, large disorder and low mobility still limits their technological applications. Over
the past decade, light-matter strong coupling has emerged as a powerful tool in modifying
chemical and material properties. In such a coupling condition, the coherent collective states,
P+, P- and DS extend over the mode volume'®? which can benefit transport properties which
are normally limited by molecular disorder.>"!> The main objective of this thesis was to
understand and use light- matter strong coupling as a tool to enhance the charge carrier
mobility of organic semiconductors.

In 2015, it was already shown that conductivity of n-type OSC can be enhanced by an
order of magnitude under ESC and that the extended dark states play a key role.* This was
extended to p-type organic semiconductors wherein charge transport occurs in the valence
band, in the first part of this thesis, by studying the organic semiconductor- rr-P3HT. As

discussed in the third Chapter, conductivity, and photoconductivity of rr-P3HT are enhanced
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6. Conclusion

by factors of 3 and 6, respectively. Such an enhancement is again due to the collective
character of polaritonic states. This is also evidence that even the ground state acquires some
photonic character under ultra-strong coupling as predicted by theory years ago.!96:194
Currently, we are coupling the electronic transitions of p-type organic semiconductors with
different core structures — perylene and terylene, synthesized by our collaborators at the
Université Libre de Bruxelles. This will give us further insight into the fundamentals of ESC
on transport properties on organic semiconductors and will utilize strong coupling to tune the
properties of organic semiconductors for various technological applications.

Since we already know that the vibrations have a significant role in the mobility of
organic semiconductors, the main aim of this thesis was to study the transport properties of
organic semiconductors under vibrational strong coupling, which had never been done. We
have been approaching this problem using different configurations — Fabry Perot cavity and
plasmonic structures. In the former configuration, we observed a huge drop in current under
VSC. The spectroscopic and imaging studies following this observation confirmed that
cooperative VSC modifies the morphology of supramolecular assemblies, a serendipitous
observation. The morphology of conducting conjugated polymer -PPE formed amorphous
flakes under coupled conditions, in contrary to the fibrous network formed outside the cavity.
Following this experiment, the study and comparison of structural isomers of phenylene
ethynylene indicated the role of symmetry and dipole moment on the effect of vibrational
strong coupling on the assembly. Our results together with those at Hokkaido University,
indicate that light matter strong coupling can used as a new approach to modify supramolecular
assemblies. Clearly, VSC drives the system through a different supramolecular landscape and
modifies intermolecular interactions8 608389,

It is already known that solvents affect the energetic balance of supramolecular
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assemblies thus varying the population of various polymer states.””> When solvents or
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cosolvents have a structural role in assemblies, they can also play a direct role in the packing
of organic systems. Since cooperative VSC modifies both the solute and solvent properties,
VSC can be used as a tool to access the morphologies/different polymer states which are
otherwise not thermodynamically stable. However, systematic experiments are required to
understand the fundamentals and to control and manipulate supramolecular assemblies.
Another future experiment could be to study if the system follows isodesmic or cooperative
mechanism depending on the coupling conditions. Such experimental studies under isothermal
condition is a challenge. Nevertheless, the recent report on automated tuning of cavity using

piezoelectric actuators setup!®®

shows a path to undertake such experiments.

Using the alternative configuration for achieving VSC — plasmonic structures, which
is more compatible for conductivity measurements, we have coupled different vibrational
bands of the conducting polymer- PEDOT: PSS. We observed an enhancement in the
conductivity of the organic semiconductor by an order of magnitude when C=0 peak is coupled
to the plasmonic resonance of metallic gratings, as discussed in the Chapter 5. This indicates
that the collective and coherent properties of vibro-polaritonic states also improves the
transport properties and helps to overcome defects. VSC can also be used to understand the
role of different vibrations in the mobility of organic semiconductors by coupling
systematically different modes. At present, we are studying the effects of VSC on ionic liquid
doped polymer gel by coupling the vibrational bands on ionic liquid to improve the efficiency
of electrochemical field effect transistors.

The conductivity of organic semiconductors under strong coupling show a limited
enhancement (~ order of magnitude) when coupled to the plasmonic resonances. This might
be due to the finite propagation length of surface plasmons on metallic surfaces due to the

dissipative nature of SPs. A recent study, where electronic transition is coupled to the Bloch

waves of dielectric DBR mirrors, reported enhancement in diffusion coefficient by six orders
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of magnitude and a transition from diffusion to ballistic transport under strong coupling.'®
Inspired from this study, we are currently optimizing the conditions to couple the vibrational
mode to such a surface bound optical wave.

Light-matter strong coupling has emerged as a new frontier in science, it provides a novel
approach to control and manipulate chemical and material properties. New findings have led
to surprises about the consequences of coupling to the vacuum field. The technical
implementation of strong coupling is quite simple and the fact that it can be achieved at room
temperature, even in the absence of photons, opens a plethora of opportunities for applications.
However, more detailed experiments and theory are required to understand the fundamental of

strong coupling and to realize its full potential in different fields.
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RESUME DE LA THESE

7.1 Introduction

La théorie de la mécanique quantique développée par Dirac, il y a prés de cent ans, a
posé les bases de I'électrodynamique quantique en cavité (¢cQED)!, qui implique I'étude de
l'interaction entre la maticre et le champ électromagnétique confiné d’une cavité optique. Dans
les années 1970, les études cQED se concentrait principalement sur les effets quantiques sur
les atomes dans le régime perturbatif. Puis dans les années 1980 les propriétés optiques des
semi-conducteurs en cavités ont suscité beaucoup d’intérét, en particulier dans le régime dit de
couplage fort. Depuis une douzaine d’année, la démonstration des effets trés prononcés du
couplage fort lumiére-matiére? sur les propriétés des matériaux et la chimie telles que la
conductivité >, la fonction de travail'®, l'optique non linéaire!!, la réactivité chimique'?-'4
transferts d'énergie, °!7 et le magnétisme!® a surpris tout le monde surtout que ces
modifications ont lieu méme dans le noir. En effet, le couplage de I'absorption moléculaire et
d'un mode optique conduit a la génération d'états hybrides lumiére-maticre, appelés états

polaritoniques (Figure 1 a), se forment par I’interaction du I’énergie du point zéro de la

transition moléculaire et celui de la cavité (appelé le champ électromagnétique du vide). De
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plus dans ces états sont délocalisés sur de nombreuses molécules. En plus des états clairs (P+
et P-), des états noirs se forment également. Dans le régime de couplage fort, I'échange
d'énergie entre les deux modes de résonance est plus rapide que

dans les processus de désintégration. Ce couplage est possible méme dans I'obscurité grace a
l'interaction avec les énergies du point zéro du mode optique. En raison de la cohérence étendue
et de la délocalisation des états hybrides lumiére-matiére, les propriétés de transport sont

favorisées par un couplage fort.>~

@ N
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P+
- —
5) - /IQR‘—- DS T — 1>
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Figure 7.1. Illustration schématique de (a) couplage fort lumiére-matiére avec
des états polaritoniques P+ et P- et des états noirs DS, (b) structures

plasmoniques et (c) une cavité Fabry-Perot.

Les semi-conducteurs inorganiques conventionnels sont devenu omniprésents au cours
du siecle dernier, dans diverses applications et depuis environ 50 ans on cherche a améliorer

les semiconducteurs organiques (SCO) qui présentent de nombreux avantages pour la mise en
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valeur technologique telles que leur faible colt et simplicité dans la fabrication de composants
¢lectroniques. Néanmoins, la faible mobilité et le grand désordre dans les SCO limitent leurs
applications. La cohérence et la délocalisation des états polaritoniques offrent une possibilité
pour surmonter cela. Dans cette thése, nous avons ¢tudié l'effet du couplage fort lumiere-
matiere sur la conductivité des semi-

conducteurs organiques en couplant leurs transitions électroniques et vibrationnelles au mode
¢lectromagnétique résonant d'une cavité de Fabry-Pérot ou d'une structure plasmonique (Figure

b, ¢).

7.2. Résultats et discussions

Dans la premicre partie de la thése, nous avons étudié l'effet du couplage fort
¢lectronique (ESC) sur les propriétés de transport de charge en couplant la transition
¢lectronique du semi-conducteur de type p au mode optique des structures plasmoniques. Dans
la deuxiéme partie, nous avons ¢tudié l'effet du couplage fort vibrationnel (VSC) sur la
conductivité des SCO a travers deux configurations différentes : la cavité de Fabry-Perot et les
structures plasmoniques. Durant ces études, nous avons fait I’observation fortuite que

I’assemblage supramoléculaire est modifié par le VSC qui a donné lieu a deux articles.

7.2.1 Couplage fort dans la région UV-visible

En 2015, George et al. ont montré que la conductivité de SCO de type n peut étre

améliorée en couplant fortement la transition ¢électronique aux modes plasmoniques

transformant la bande de conduction en deux états hybrides lumiére-matiére (P+ et P-).*
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Cependant, l'effet du couplage fort électronique sur la conductivité des semi-conducteurs

organiques de type p dans lesquels le transport

o o©
o O

N
o

Photocourant (nA)
D
o

VR 3 2 -1 0 1 2 3
Substrate en verre Voltage (V) Voltage (V)

Figure 7.2. (a) Représentation schématique utilisée pour les mesures de
conductivité sous ESC (b) Courbes I-V de rr-P3HT en fonction de la périodicité
des réseaux de trous, (c) Courbes -V de rr-P3HT en fonction de la périodicité

des réseaux de trous sous illumination visible. Reproduit de la réf ['%7].

de charge (les trous sont les porteurs majoritaires) se produit dans la bande de valence, n'avait
pas été exploré. On sait par des études théoriques que si le couplage fort est suffisamment fort,
I’état fondamental acquiert un caractére photonique et on peut donc s’attendre a un effet sur la
conduction par la bande valence.

Alors nous avons étudié les propriétés de transport du poly-(3-hexylthiophéne) régio-régulier
(rr-P3HT), un SCO type p sous couplage électronique fort (ESC). La transition €électronique de
P3HT est fortement couplée a la résonance plasmonique des réseaux de trous dans lesquels le
mode optique peut étre réglé en modifiant la périodicité (P) des réseaux. Pour rr-P3HT la
séparation de Rabi (entre P+ et P-) est d'environ ~0,6 eV a résonance, ce qui correspond a 27 %
de I'énergie de transition, ce qui implique que le systéme est dans 1'ultra- régime de couplage
fort. Comme on peut le voir sur la figure 2b, le courant est amélioré dans des conditions de

couplage (trace bleue), un réseau de trous aléatoire sert de mesure de référence. De plus,
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puisque la photoconductivité bénéficie de I'amélioration de la conductivité, elle est également

améliorée par un facteur de 3.

L'amélioration des propriétés de transport du SCO de type p confirme que le couplage ultra-

fort induit un caractére polaritonique dans la bande de valence.

7.2.2 Couplage fort dans la région IR moyen (VSC)

Comme mentionné précédemment, nous avons exploré deux configurations différentes
: une cavité Fabry-Perot (FP) et des structures plasmoniques, pour coupler les modes
vibrationnels dans I’IR (VSC). En étudiant les propriétés de transport des assemblages
supramoléculaires d’un polymére conducteur dans la premicre configuration, nous avons
observé un effet drastique sur le processus d'auto-assemblage du polymeére, une observation
fortuite.!” Nous avons également étudié les isoméres structuraux du phényléne éthynyléne (PE)
pour comprendre l'influence de la symétrie sur l'effet du couplage fort VSC sur 1'organisation
supramoléculaire comme décrit dans le paragraphe suivant.?’ En paralléle, nous avons étudié
cette dernicre architecture qui est plus compatible pour mesurer la conductivité mais qui souffre
d'avoir de larges résonances dissipatives. Nous avons optimisé les structures plasmoniques
avec des résonances ayant des facteurs Q (qualité) considérablement améliorés se rapprochant
de ce qui est nécessaire pour atteindre la VSC dans I'IR moyen. Lorsque différentes bandes
vibrationnelles de polymére hautement conducteur: poly(3,4-éthylénedioxythiophene)
sulfonate de polystyréne (PEDOT : PSS) sont couplées a la résonance plasmonique, nous

constatons une amélioration de la conductivité.

7.2.2.1 VSC en cavité Fabry-Pérot
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Pour les besoins de notre ¢tude, nous avons sélectionné le poly(para-
phényléneéthynyléne, PPE) substitué par dinonanoyloxy qui est un polymeére conjugué
classique. Le comportement de gélification des PPE avec des chaines latérales alkyle ou alcoxy
a été bien étudié.?! L'objectif initial étant d'étudier l'effet des VSC sur les propriétés de transport
du gel, les modes vibrationnels moléculaires ont été fortement couplés au mode optique de la

cavité de Fabry-Perot par effet coopératif. Lors des mesures de conductivité du gel PPE sous

Cooperative
VSC

Figure 7.3. Modification de la morphologie de I'assemblage supramoléculaire

PPE sous couplage vibrationnel fort coopératif. Reproduit de la réf [>].

VSC, nous avons observé une énorme chute de courant. Une analyse plus approfondie par des
¢tudes d'absorption et de fluorescence a révélé que 1'auto-assemblage et 1'organisation

supramoléculaire du PPE avait probablement ét¢ modifiés sous VSC. Ceci a été confirmé par
des images de microscopie électronique (Figure 3) ou on peut voir que le gel fibreux est

transformé en flocons amorphes sous VSC.

En plus des expériences sur le PPE, nous avons pu voir le role de la symétrie dans
l'influence de 1'effet de couplage fort lumicre-matiére en étudiant deux isomeres structuraux de
molécules organiques conjuguées - - phényléne éthynyléne (PE) linéaire (PE1) et courbé (PE2).

Les bandes vibrationnelles des isomeres sont fortement couplées au mode optique de la cavité
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de Fabry-Perot par effet coopératif. Les spectres d'absorption et de fluorescence ont révélé que
le VSC induit des changements drastiques dans le processus d'auto-assemblage mais seulement

pour I’isomere PE2 (Figure 4).

Z X

& ®

PE2
Auto-assemblage

Lamelle flacon 2D Structure spherique

Figure 7.4. Modification de la morphologie de I'assemblage supramoléculaire

PE sous couplage vibrationnel fort coopératif. Reproduit de la réf [¢°].

Les effets treés différents du VSC sur PE1 (D«n, molécule linéaire) et PE2 (Cay, molécule

coudée) confirme l'influence de la symétrie sur I'effet du couplage fort lumiére-matiere.

7.2.2.2 Structures plasmoniques

La configuration alternative pour étudier les mesures de conductivité sous VSC est celle
des structures plasmoniques - réseaux métalliques (Figure 5 a). Méme si les structures
plasmoniques sont plus compatibles pour les mesures de conductivité, il est difficile d'obtenir
des conditions de couplage

fortes dans I’IR en raison des larges résonances dissipatives. Pour surmonter cela, nous
avons adapté le concept de « index matching ». A cette fin, une couche épaisse de saphir a été
¢vaporée sur des tranches de silicium polies double face pour mesurer les spectres de

transmission infrarouge a transformée de Fourier (FTIR). Des réseaux métalliques profonds
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(profondeur : 1 um) ont été fabriqués sur de tels substrats en utilisant la technique - lithographie
par faisceau d'électrons (EBL) et leurs spectres de transmission ont été enregistrés en utilisant
la configuration FTIR. La périodicité (Pg, figure 6) est modifiée en faisant varier la largeur de
la bande métallique a largeur de fente constante. Les courbes courant-tension (figure 5 b) sont
tracées en fonction de la périodicité des réseaux métalliques. La courbe noire sur la figure 5 b
montre la courbe I-V de PEDOT : PSS sans couplage qui sert de référence. Lorsque la
résonance plasmonique est couplée a différentes vibrations de PEDOT : film PSS, la

conductivité du polymeére est améliorée figure 5b (courbes vertes, bleues et rouges).

@ O)

Pg (um) PEDOT: PSS
— f

bare 2 mm
5um

4 um
3.5um

6.0x10°

«c40n

4.0x10° F
2.0x10°

00}

Courant (A)

-2.0x10%}

-4.0x10°

-6.0x10°

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Figure 7.5 (a) Illustration schématique du dispositif avec des structures
plasmoniques spin-coated avec PEDOT : PSS (b) Courbes I-V en fonction de la
périodicité des réseaux. La courbe noire correspond a la courbe I-V de PEDOT

: PSS en l'absence de réseaux.

7.3. Conclusion générale

Dans cette these, nous avons exploré l'effet du couplage fort électronique et vibrationnel

sur la conductivité des semi-conducteurs organiques, ¢tudiant ainsi 1'amélioration du transport

91



7.3 Conclusion générale

de charge due a la cohérence étendue et a la délocalisation des états hybrides lumicre-matiére.
La conductivité et la photoconductivité¢ du semi-conducteur de type p étant améliorées, les
résultats confirment que le caractére polaritonique est induit méme dans la bande de valence
sous un couplage ultra-fort. L'amélioration de la conductivit¢ du PEDOT : PSS sous VSC
montre pour la premiére fois que le VSC peut induire des états collectifs étendus qui influent
sur le transport. Ainsi le couplage fort au champ du vide par ESC et VSC ouvrent des
perspectives prometteuses pour améliorer la conductivité des semi-conducteurs organiques. De
plus nous avons montré que le VSC peut servir a modifier les assemblages supramoléculaires,

apportant ainsi un nouvel outil pour contrdler 1’organisation de la maticre.
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Résumé

Cette thése explore l'effet du couplage fort lumiére-matiére sur les propriétés de
transport des semi-conducteurs organiques en couplant leurs transitions
électroniques et vibrationnelles au mode électromagnétique résonnant d'une cavité
Fabry-Perot ou d'une structure plasmonique, étudiant ainsi I'amélioration du transport
de charges due a la cohérence étendue et a la délocalisation des états hybrides
lumiére-matiére. En outre, l'observation fortuite de la modification des assemblages
supramoléculaires indique que le couplage vibratoire fort peut étre utilisé pour
controler et manipuler I'auto-assemblage.
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Résumé en anglais

This thesis explores the effect of light-matter strong coupling on the transport
properties of organic semiconductors by coupling their electronic and vibrational
transitions to the resonant electromagnetic mode of a Fabry-Perot cavity or plasmonic
structure, thus studying the enhancement of charge transport due to the extended
coherence and delocalization of hybrid light-matter states. In addition, the
serendipitous observation of modification of supramolecular assemblies indicate that
vibrational strong coupling can be used to control and manipulate self-assemblies.
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