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Abstract

Semiconductor materials (e.g., conjugated polymers, metal halide perovskites) have
been widely used in solar cells, light-emitting diodes, and photodetectors. Organic
conjugated systems have high mechanical flexibility and low costs for production.
Metal halide perovskites have the advantage of strong light absorption, long charge-
carrier diffusion lengths, and low intrinsic surface recombination.

Polarization-sensitive single-molecule methods have been extensively used to study
the chromophore organization and excitation energy transfer (EET) process. Our
novel polarization technique, two-dimensional polarization imaging (2D POLIM) is
designed to simultaneously measure and control both the excitation and emission
polarization characteristics of an individual object. A model based on single funnel
approximation (SFA) is applied to fit the 2D polarization portrait obtained from 2D
POLIM measurements. 2D POLIM in combination with the SFA model allows the
quantitative characterization of EET efficiency. Overall, A large number of
polarization parameters, e.g., modulation depths, phases, luminescence shift,
fluorescence anisotropy, energy funneling efficiency, and properties of the EET-
emitter, can be extracted from 2D polarization portraits. They give a full picture of
chromophores' organization and a quantitative measure of the EET process.

In this thesis, we applied the 2D POLIM technique to investigate the fundamental
optoelectronic process in different types of luminescent materials. H-aggregates
forming in spin-cast conjugated films are visualized by modulation depth and phase
imaging contrast. Light-harvesting efficiency shows the efficient ET within the
amorphous phase and poor ET between H-aggregates due to the less overlap
between absorption and emission spectra. Together with single-molecule
spectroscopy and scanning electron microscope, we studied the polarization
property of individual MAPbBr; aggregates, which shows the well-known dielectric
screening effect cannot fully explain the absorption polarization from weakly
elongated objects (even with irregular shapes). We propose that power-dependent
quantum yield can further increase the modulation depth of excitation. 2D POLIM
was also applied to explore the aggregation state of proteins in the biological system.
Furthermore, we did a series of computer experiments to examine and improve the
SFA model. We break the limit of energy funneling efficiency and propose an
asymmetric three-dipole model, which is more applicable for multi-chromophore
systems. In the future, quantitative phase-contrast imaging and time-resolved 2D
POLIM might be further developed.



Popular Science Summary

Green plants can capture solar energy and use solar energy to convert water, carbon
dioxide, and minerals into energy-rich organic compounds. Imitating green plants,
people invented solar cells to capture sunlight and convert the light energy directly
into electricity. Solar cells are generally made of semiconductor materials. The
semiconductor materials studied in this thesis are conjugated polymers and metal
halide perovskites. The understanding of these materials can help us to create more
efficient solar-based devices. We are particularly interested in the internal
organization and energy exchange within luminescent materials.

We use the single-molecule microscopy technique, which allows us to study
individual objects (e.g., molecules, nanocrystals). Single-molecule imaging reveals
more details about the behavior of individual objects that would be hidden by a large
group of molecules. For example, there are piles of snow in the north of Sweden
during the winter. By taking a normal picture, you see a white world. However, if
we take a close look with a microscope, we can see snowflakes in a dazzling variety
of shapes. It is always exciting to notice the difference between individuals.

To characterize the orientation of objects and the excitation energy transfer between
them, we use light polarization. The polarization of light is the orientation of the
electric field vector. The projection of the electric field vector of a linearly polarized
light on a plane has only one orientation. We can use some filters with a specific
transmission axis to select the light. For example, polarized sunglasses that use to
selective block sunlight reflected from surfaces. Or we can think the filter is like the
small elongated gap of a piggy bank. A coin (orientation of electric field vector) can
only pass through if it is parallel to the small gap's elongation (transmission axis).

Base on the above idea, we can learn the orientation of objects from their absorption
polarization. If the objects are aligned on one orientation, they will have a
preferential absorption along with one specific orientation. However, if the objects
are randomly oriented, then they will absorb all polarization orientations equally.

Furthermore, we can use the difference between absorption and fluorescence
emission to study the energy transfer process within an object. It is like one puts an
orange (input-incident light) into a juicer machine (studied system), and then juice
(output-fluorescence emission) comes out. Since there is an obvious difference
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between input and output, we can guess something (e.g., energy transfer) must
happen in the system.

Now consider molecules are excited by linearly polarized light at an angle ¢. The
molecules that are oriented along this direction are preferentially excited. Without
energy transfer, the fluorescence emission should also be polarized at angle o.
However, if molecules exchange energy efficiently, or all the energy transfers to
one molecule and emits there. Then the emission would become partially polarized
or polarized at another angle. By further quantitatively study the difference between
input and output, we can calculate the energy transfer efficiency.

Combing single-molecule microscopy and light polarization, we develop a
technique called two-dimensional polarization imaging. This technique allows us to
obtain the orientation and the information of the energy transfer process of an
individual object. Furthermore, based on a mathematical model (single funnel
approximation), we can quantitatively estimate the energy transfer efficiency in the
system.
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Chapter 1 Introduction

1.1 Light polarization

The effect of light polarization is widely used in science and technology and can be
noticed even in our daily life (Figure 1.1). Implementing polarization control can
be used to eliminate glare from light reflection (Figure 1.1a). Light reflected from
horizontal surfaces, such as snow, road, leaves, or water, is partially horizontally
polarized according to Fresnel equations. Thus, a polarizer oriented vertically can
block a substantial part of the reflected light from such surfaces. This effect is used
in polarized sunglasses to reduce glare and protect our eyes. Furthermore, a polarizer
placed in front of a camera can reduce shiny reflections and bring more intense color
or contrast to the image. Polarization is also used in the entertainment industry to
produce 3D movies (Figure 1.1b). Two movies are filmed from two slightly
different camera locations. Each movie is projected through a polarizing filter with
orientations perpendicular to each other. The audiences wear special glasses with
vertically (for one eye) and horizontally (for the other eye) oriented polarization
filters. Consequently, one eye sees the movie projected from one projector while the
other eye sees it from the other projector, which gives the viewer a perception of 3D
depth. Another important application of polarization is a liquid crystal display
(LCD), where a liquid crystal material is sandwiched between two crossed
polarizers. Without applying voltage, the liquid crystal molecules are aligned
perpendicular to the surface of the polarizers. The second polarizer blocks the
linearly polarized light coming through the first polarizer. When a voltage is applied,
the orientation of crystal molecules is changed (Figure 1.1¢), resulting in light
polarization rotation after passing the liquid crystal. Thus, a certain amount of light
will pass through the second polarizer depending on the applied voltage. This is how
one pixel of an LCD screen is constructed. In industry, polarization control is widely
used to perform stress analysis tests on transparent plastics (Figure 1.1d) because
most of them become birefringent when put under stress. By building a model and
then putting it under stress, the pattern visible between crossed polarizers can show
large stress areas with the highest risk of material breakdown. The change of
refractive index depends on the wavelength of the light. That is why the pattern is
colored. So, all we see is a map of the stress in the sample.
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Figure 1.1. The application of light polarization for (a) glare reduction (b) 3D movie, (c) liquid crystal display
(LCD), and (d) stress analysis of transparent materials

(source: https://www.scienceworld.ca/resource/polarizing-filters)

(source: https://www.pcmag.com/encyclopedia/term/polarized-3d)

(source: https://electrosome.com/lcd-display-fundamentals/)
(source:https://www.sciensation.org/hands-on_experiments)

Light polarization plays an important role in modern diverse optics application
which is widely used in fundamental scientific research, such as ultrafast optical
switching,! polarization-sensitive photodetection,”> optical antennas,’ polarized
light-emitting diodes* and so on. It is worth noticing that light polarization and
anisotropic absorption/emission have been applied in the field of optical super-
resolution microscopy. The method is called super-resolution by polarization
demodulation/excitation polarization angle narrowing (SPoD-ExPAN). The
resolution of SPoD-ExXPAN is about 2-3 times better than the diffraction limit, and
it can be applied for large biological structures without the need for blinking. The
main idea of this method is that differently oriented fluorescent dyes emit periodic
signals peaking at different times by being excited with rotating linearly polarized
light.> Furthermore, birefringence and dichroism reveal anisotropic crystal
structure.® Linear dichroism and fluorescence anisotropy indicate fundamental



electronic processes in photoactive materials.” Overall, light polarization is widely
used in scientific research.

1.1.1 The nature of light polarization

The nature of light has been a debate for centuries. Nowadays, the view of the wave-
particle duality of photons is most commonly held. Wave-particle duality describes
that light travels as photons, and these photons can act like waves (e.g., interference)
or particles (e.g., photoelectric effect). This concept has been proved by an elegant
experiment carried by Philippe Grangier et al. in 1986.% A low-intensity light source
and two detectors were set to generate and detect single photons. The light passes
through a beam splitter that reflects 50% of the photons onto a path-oriented 90
degree to the original path. The remaining 50% of the photons were transmitted
through the beam splitter. As a result, each detector has a 50% probability of
recording an event but no chance of both responding. However, if the light was
recombined before they arrive at detectors by means of Mach-Zehnder
interferometer, one of the detectors can always record an event. Whereas another
one can never record an event because of the constructive and destructive
interference of waves. From this experiment, wavelike property and particle-like
property seem to be complementary aspects of light.

Light is electromagnetic radiation, an electric field that oscillates in both time and
space, and a corresponding orthogonal magnetic field oscillates with the same
spatial and temporal periodicity. In the following study, we just consider the electric
field (Figure 1.2). A linearly polarized light propagating along the z-axis and
oscillating along the x-axis can be represented by:°

E.(z,t) = EQ cos cos (kz — wt)i (1.1)

E\"is the amplitude of the electric field, k = 2m/A is wave number, ® = 2xtv is circular
frequency, and [ is the unit vector along x axis. Similarly, linearly polarized light
with electric field oscillating along y-axis is given by:

Ey(z,t) = Ej cos cos (kz — wt + ¢)j (1.2)

Here J is a unit vector along the y axis, and ¢ is the relative phase different between
the two waves. The sum of these two perpendicular waves is:

E(z,t) = Ex(z,t) + E, (2, ) (1.3)
By varying the relative phase ¢ and amplitude E,’, linearly polarized light (¢ = 0),

circularly polarized light (¢ = +n/2, E’ = E,"), and elliptically polarized light (¢ #
0 and ¢ # £n/2) can be generated.



(a) Linearly polarized light

(b) Circularly polarized light

Figure 1.2. (a) linearly polarized light, ¢ = 0 (b) circularly polarized light, ¢ = /2 (c) elliptically polarized light ¢
= /4.

1.1.2 Simple manipulation of light polarization

Having the idea about the nature of light polarization, we can think about how to
generate, examine and manipulate it to fit our needs. One important optical element
is a polarizer which lets a specific polarization (parallel to the transmission axis)
passes through while blocking others. There are many different types of polarizers.
One kind is a parallel conducting wires grid. The light polarized parallel to the wires
can drive the electrons along the wire. The accelerated electrons re-radiate in both
forward and backward directions. The forward re-radiated wave tends to cancel the
incident wave. Then backward re-radiated wave appears as a reflection. Besides, the
accelerated electrons collide with lattice atoms, imparting energy to them and
thereby heating the wires. On the contrary, the light polarized perpendicular to the



wires does not have such strong interaction with electrons. Thus, the transmission
axis of the conducting wires is perpendicular to the orientation of the wires.

In 1938, Land invented the H-sheet, the so-called polaroid polarizer, probably the
most widely used polarizer nowadays. It is made from polyvinyl alcohol (PVA)
plastic with iodine doping. A sheet of PVA is heated and stretched in one direction.
Then the sheet is dipped into an ink solution rich in iodine. A Polaroid polarizing
filter functions similarly on an atomic scale to the wire-grid polarizer. The electrons
associated with iodine can move along the chains as if they were long thin wires.
Thus, the incident light polarized parallelly to the chains is absorbed (contrary to
the metal wire-grid where the light is mostly reflected), while the light polarized
perpendicularly to the chains is transmitted.

A dichroic crystal (like tourmaline), possessing an anisotropic crystalline structure,
can also be made as a polarizer. There is a specific direction in the crystal known as
the optical axis determined by the atomic configuration. The light polarization
perpendicular to the optical axis is strongly absorbed. Note the absorption is usually
wavelength-dependent. So, the crystal might appear colored when illuminated by
natural white light. Even though one uses it for monochromatic light, the crystal
must be thick enough to absorb the light completely.

Another type of polarizer made of birefringent crystals (typically calcite) is most
commonly used with high-power lasers. In 1669, Erasmus Bartholinus observed a
remarkable optical phenomenon in calcite, which he called double refraction. An
incident ray of light is split into two rays, an ordinary ray (o-ray) and an
extraordinary ray (e-ray). One type of birefringent polarizer is called the Glan-
Foucault polarizer. The electric fields of the incoming ray are either completely
parallel or perpendicular to the optical axis of a calcite crystal so that there is no
difference between the o-ray and e-ray. The rays go through the crystal and reach
the calcite-air interface with incident angle 6. If the incident angle meets the criteria

n, < ﬁ < n,, then the o-ray, and not the e-ray, is internally reflected. The output
consists of e-ray only, which is linearly polarized.
Ideally, if two polarizers are placed orthogonally oriented (crossed) in front of a
light source, no light can pass through so that the intensity is equal to zero.
According to Malus's law, published in 1809 by Etienne Malus, the intensity of
transmitted radiance is dependent on the angle between transmission axes of two
polarizers in the following way:

I = Iycos?0 (1.4)
From this equation, the maximum intensity is obtained when 6 = 0°, which means
the two transmission axes are parallel to each other.

Another often used optical element for light polarization control and manipulation
is a retarder (or a wave plate) constructed from a birefringent material. As discussed



above, an electric field of an electromagnetic wave can be expressed as a sum of
two orthogonal components. The function of a retarder (a wave plate or a
compensator) is to introduce a phase shift Ap between the two perpendicular
components that alter the output polarization.

The optical axis of a wave plate is parallel to both the front and back surfaces of the
crystal (Figure 1.3a). The electric field of normal incident light can be split into
two components that are parallel E; and perpendicular E, to the optic axis. Since the
speed of Ej is faster than E., the e-wave will move faster than the o-wave, resulting
in a phase shift Ap which is expressed as:

2
Ap = A_:d(|no — nel) (15)

where Ao is the wavelength in vacuum, and d is the thickness of the crystal. By
changing the thickness, any desired phase shift Ap can be obtained.

Compensators are another type of retarder (Figure 1.3b). Unlike wave plates,
compensators are capable of introducing a controllable retardance on a wave. For
example, the Berek compensator has its optic axis perpendicular to the surface of
the plate. For normal incident light, the Berek compensator acts as an isotropic
crystal. A phase shift can be obtained by tilting the crystal relative to the incident
light. Therefore, the Berek compensator is a wave plate with varied retardance. It is
worth mentioning that all these retarders are wavelength-dependent.
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Figure 1.3. Schematic diagram of (a) wave plate and (b) Berek compensator.

1.1.3 Linear dichroism and fluorescence anisotropy

Intensity, wavelength, and polarization are the important properties of light. The
degree to which different polarization components of light are absorbed/emit by an
object yields valuable information about the nature of the interaction of the object
with light.

Linear dichroism (LD) is the difference between the absorbance of light polarized
parallel and perpendicular to the specific orientation axis of the sample, LD(A) =
Aj(A) - AL(A). The LD measurements are designed to work with a sample for which
the preferential orientation is known. From the LD measurement, one can learn the
molecular structure or shape and investigate the interaction between molecules and
their environment.”!" Wavelength-dependence of LD indicates that optical
transitions of different energies involve molecular orbitals of different geometries
having different orientations of the transition dipole moments relative to the
structural axes of the molecule.'>” LD measurement is designed for ensembled
samples with a known main axis of orientation. However, for single molecules or
individual nanoobject which possess tiny absorption cross-section, fluorescence
detected linear dichroism (FDLD) is a practical alternative.'



In contrast to linear dichroism, fluorescence emission anisotropy is used for
characterizing the energy transfer process or molecule rotation of an isotropic
sample. F.Weigert reported polarized emission from a dye solution for the first time
in 1920.'* From Malus law, the transition dipole moments parallel to the electric
vector of the incident light can be excited more than the transition dipole moment
orthogonal to the electric vector, which is called photoselection (Figure 1.4). The
emission is measured by a polarizer placed between the sample and a detector.
Fluorescence anisotropy (r) and the degree of polarization (P) are commonly used
for quantitatively describing the emission polarization:

T:M (1.6)
I+ 21, '
Ly =1y
=— 1.7
I +1, a7

where I and 1. are the electric vector of emission parallel and perpendicular to the
electric vector of linearly polarized incident light (excitation light).
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v

Figure 1.4. Excited-state distribution for immobile fluorophores with ro = 0.4.

1.2 m-conjugated systems

In the late 1970s, the field of organic semiconductors was significantly influenced
by the discovery of poly(acetylene) doped by bromide or iodine vapors. The doped



polymers can achieve high conductivity. In 2000, the discovery and further
development of these conductive polymers were rewarded with Nobel Prize in
Chemistry to Hideki Shirakawa, Alan G. MacDiarmid, and Alan J. Heeger. In
contrast to inorganic semiconductors, conjugated organic systems have high
mechanical flexibility and low costs for production. Nowadays, organic
semiconductors are widely used in light-emitting diodes, field-effect transistors, and
solar cells. It is essential to study the fundamental optical and electronic properties
of organic semiconductor materials to improve devices' efficiency and usability.

1.2.1 From atomic orbitals to molecular orbitals

An organic semiconductor is a carbon-based material. A m-conjugated system is a
hydrocarbon chain with alternating single and double bonds, so-called conjugated
double bonds. A carbon atom has four valence electrons 2s?2p* which can generate
three sp? orbitals on the molecule plane and one orthogonally oriented p, orbital
(Figure 1.5b). 6-bonds created by the overlap of sp? hold the molecule structure. 7t-
bonds generated by the overlap of p, orbitals result in electron delocalization, which
is the origin of the properties that characterize conjugated polymers as
semiconductors.

A molecule orbital may be approximated by a linear combination of atomic orbitals
(LCAO)." The combination of two atoms orbitals leads to constructive (bonding)
and destructive (anti-bonding, denoted with a star) interference of the two electrons'
wavefunctions. The energy level associated with two ways of interference (Figure
1.5a) can be calculated from the Schrodinger equation. It turns out that the bonding
state possesses lower energy than the anti-bonding state. And the splitting (AE) has
the maximum value when the two interacting orbitals have the same energy.

For conjugated polymers, electrons occupy the lower energy = orbital — the highest
occupied molecular orbital (HOMO), while the higher energy n* orbital is left
unoccupied — the lowest unoccupied molecular orbital (LUMO).'® A schematic band
diagram and hybrid orbitals are shown in Figure 1.5. For most of the conjugated
polymer, the bandgap between LUMO and HOMO is around 1.5 — 3 eV, which
leads to the visible light absorption and emission.
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Figure 1.5. (a) Schematic band diagram for conjugated systems. (b) Atomic orbitals (sp? and p:) and generated
hybrid orbitals (o-red, m-green) of carbons.

Electrons can be excited from HOMO to LUMO by absorbing enough energy of
light. The rate of transition kir between an initial state (i) and a final state (f) is
expressed as:

21
kif = ?.Dl(‘ljel,flﬁllpel,i)'Z|<‘Pvib,f|q}vib,i)|2|<Lpspin,f|q"spin,i>|2 (1.8)

where W, Wvib, and Wi, are the electronic wavefunction, the vibrational
wavefunction, and the spin wavefunction, respectively. fi is the electric dipole
operator. p is the density of final states. The vibrational wavefunction and the spin
function are insensitive to the dipole operator so that they can be treated as constant
factors. If any of these factors is zero, the transition is forbidden.!> The molecular
wavefunction is W = We;WspinWyip » s0 Eq. 1.8 can be written as k;r =

27” p|(‘{'f|ﬁ|‘l’i)|2. The integral (‘Pf|ﬁ|‘l’i) is so-called transition dipole moment
(TDM).
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Figure 1.6. The absorption transition dipole moment (TDM) (blue double-headed arrow) and the emission TDM
(red double-headed arrow) of the molecules are in the same direction. The electric field oscillation of the
incident light is parallel to the TDMs of the molecule. In this case, the molecule absorbs and, as a consequence,
emits the maximum amount of light.

Generally, the transition dipole moment of the =— =* transition is directed along
the backbone of molecules'” (Figure 1.6). So, ordered polymer chains in a film have
linear dichroism and fluorescence anisotropy, which means the polymer film
absorbs or emits the maximum amount of light if it is polarized along with the main
orientation of the polymer chains.

A polarized optical microscope is a common technique for studying oriented
polymer chains. Note that due to the limit of optical resolution, the oriented domains
need to be larger than the diffraction limit to observe the above effect. Otherwise,
the polarization from differently oriented domains will be averaged within the
optical resolution and shows no preferential absorption or emission.

1.2.2 Electronic coupling between molecules (H/J-aggregates)

The absorption and emission of one isolated chromophore can be affected by the
environment due to electrostatic interactions with adjacent molecules.'> Considering
two chromophores as two point-dipoles with dipole moments p; and p,, the
interaction energy between them is given by:

1 pipz — 3(p17) (p27)

Vi, =
127 4me, r3

(1.9)

where 7 = 7/r denotes the unit vector connecting the two dipoles. The equation
shows that the orientation of the dipole moments and the distance between them
affect the interaction energy Vi». Assuming that p» is the dipole moment induced in
the adjacent molecule, then p> = aEi, where a is the polarizability of the adjacent
molecule and E; = 2pi/4neor’. Thus, the interaction energy increases with the
polarizability a and the dipole moment p; of the molecule.

11



Here we consider the Coulomb interaction between two identical molecules, one in
the ground state and another one in the excited state. This simple treatment is
introduced by Michael Kasha.'®

The ground state energy of the two-molecule system is obtained by solving the
Schrodinger equation as:

E,=E +E,+D (1.10)
where D is the electronic interaction in the ground state:
D = (P, |Vy2|¥, ¥) (1.11)

where Vi, takes the form of eq. 1.9. D is negative and corresponds to the van-der-
Waals interaction energy. D lowers the ground state of the system of two molecules
compared to the ground state energy of the individual molecules.

Now we consider the electronic interaction in the excited state. If one of the
molecules becomes excited, the excitation can oscillate between the two molecules.
The excited state wavefunction of the two-molecule system is a linear combination
of both situations. This coupling can be either symmetric or anti-symmetric.
Consequently, the excited state wavefunctions are:

1 * *
- (W £ 9,9 (112)

Then Coulomb and resonance interaction can be expressed in the split energy level
by solving Schrédinger equation:

Egy =Ei +E,+D' +p (1.13)
Eg_ =Ef+E,+D —p (1.14)

We+

where E;* and E; are the energies of molecule 1 in the excited state and molecule 2
in the ground state, respectively. D' = (¥;"W,|V;,|¥;"W,) is the Coulomb
interaction between molecule 1 in the excited state W; * and molecule 2 in the ground
state W,. B = (¥, "W, |V;,|W,W,") is the resonance interaction that determines the
splitting between the two levels Egr and Eg. The degree of B depends on the
wavefunction overlap and is thus very sensitive to intermolecular distance.

The experimentally observed absorption or emission spectrum is the transition
energy between the two-molecule system's ground and excited state:

AE,p;q = (Ef +E,+ D' +B)— (E, +E,+D)  (1.15)
= AE; +AD + B (1.16)

It means the exciting energy of molecule 1 is shifted by the difference of polarization
energy AD and resonance energy f.

The transition dipole moment for the coupled molecules is given by:

12



e = (Yg|e?|We+) (1.17)

= (P W, ler|W, "W, £ W, ¥, ) (1.18)
1

=— (i *+ i) 1.19
NG H1 T U ( )

where the transition dipole moments are p; = (P |e?|¥5), u, = (¥, |er|¥;) for
non-interacting molecules. The transition dipole moment of the coupled molecules
results from the vector sum of the transition dipole moments of individual
molecules.

H-type interaction (Figure 1.7a) occurs when the two molecules are arranged in a
coplanar, stacked manner. The parallel arrangement possesses transition dipole
moment 2, and the energy of this state is high (E+). The transition from the ground
state to the state of the anti-parallel arrangement (the lower energy level E.) is
forbidden due to zero dipole moment. A prominent example is the lutein solution
investigated in detail by Zsila et al.

J-type interaction (Figure 1.7b) occurs when the two molecules are arranged in a
co-linear manner. The lower energy state E. possesses transition dipole moment 2
due to the parallel sequence of transition dipole moment. The transition to the higher
energy level E+ (anti-parallel order) is forbidden due to the zero dipole moment
vector.

13
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Figure 1.7. Schematic illustrating the effect of H-type (a) and J-type (b) electronic coupling of two molecules.
GS and ES are ground state and excited state, respectively. D and D' represent Coulomb interaction/van-der-
Waals interaction between M1 and M2. Furthermore, the excited state splits by resonance energy B into two
levels. (a) H-type interaction (a side-by-side orientation). (b) J-type interaction (a head-to-tail orientation).

An advancement of Kasha's treatment is from the work of Spano and his co-
workers.!”?? They considered the coupling of the electronic dimer states to
molecular vibrations and applied this to H- and J-type aggregates. The theory
explains how the Franck-Condon progression of an isolated chromophore is
distorted when the chromophore is embedded in an aggregate. '

Each vibronic level of Sl state splits into an exciton band, forming a set of
vibrational sub-bands in analogy to the vibronic features in the isolated
chromophore. If the bandwidth is less than the vibrational quantum hwo, those bands
are separated, and this refers to a weak exciton coupling, as shown in Figure 1.8a
and b. If the bandwidth is larger than hwo, those bands can superimpose and form a
cumulative band which is the strong exciton coupling regime (Figure 1.8 ¢ and d).
The transitions shown in Figure 1.8 are drawn in the condition of non-zero vibronic
coupling. For example, if the coupling was zero, the monomer spectrum would
consist only of a single line. This is because 0-1, 0-2 and so on transition would
have zero Frank-Condon factors, and all transitions like 0-0, 1-1 and so on have the
same energy.”

14



In H-aggregates, the chromophores are stacked in a side-by-side manner. The
bottom of the bands is a k = = states, and the tops are k = 0 states. Considering
optical transition selection rule Ak = 0. Absorption and emission thus take place to
and from the k = 0 states at the top of the band. Therefore, the absorption spectra of
H-aggregates is blue shifted relative to the isolated chromophore. Excitons relax
rapidly toward to the k = = state of the S1 state. Ideally, for perfectly ordered H-
aggregates at zero temperature without vibronic coupling, decay from k = 7 state to
the ground state is fully forbidden. In the case of vibronic coupling considered by
Spano, the sidebands 0-1, 0-2, ... appear, while the 0-0 transition remains forbidden.
This happens because the coupling to phonons that carry momentum makes the
bottom exciton state of the H-aggregates a mixture of the optically forbidden state
(k = m) and optically allowed state k=0 state.

The situation is reversed in J-aggregates, in which the chromophores are aligned
head-to-tail. The bottom of the bands is a k = 0 state and the top is k = & state. Thus,
absorption and emission occur to and from the k = 0 state at the bottom of the band,
resulting in redshifted absorption and emission spectra in respect to isolated
chromophores. The band-bottom exciton provides the origin for both absorption and
emission. As a result, 0 — 0 absorption and emission peaks lie on top of each other.
So ideally, there is no Stokes shift.

15
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Figure 1.8. Approximate energy level diagrams in the case of vibronic coupling for the isolated chromophore
(middle), H-aggregate (left) and J-aggregates (right). (a) weak exciton coupling and (b) strong exciton coupling.
Blue energy levels are nodeless k = 0 exciton. Red energy levels are k = 1 excitons.
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1.3 Perovskites

Lead-halide perovskites are crystals with a chemical formula ABX3, where A (e.g.,
Cs® or CH3NH3") and B (Pb) are cations, and X is an anion (e.g., I, Br or Cl). The
advantages of their photophysical properties, such as strong light absorption, long
charge-carrier diffusion lengths, and low intrinsic surface recombination, make
them a potential material for solar cell, light-emitting diode, photodetectors and
lasers. Perovskite solar cell efficiency has increased from 3.8% in 2009 to 29.1% in
2020 (NREL efficiency chart),?* exceeding the maximum efficiency achieved in
single-junction silicon solar cells. Furthermore, absorption/emission polarization is
one of the fundamental properties of photoactive materials, which has been applied
in many modern technologies, such as optical antennas, 3D movies, or liquid crystal
displays. In this section, we will focus on introducing the polarization-related study
of perovskite materials. In this thesis, we mainly focus on MAPbBr; perovskite nano
and microcrystals (Figure 1.9).

1.3.1 Electronic band structure

In solid-state, many atoms combine their electron density orbitals to form many
energy splits. A large number of splits eventually forms continuous bands. The
highest occupied band is called the valence band (VB), and the lowest unoccupied
band is called the conduction band (CB). The energy gap between the valence band
and conduction band is in the range from 0.5 eV to 3 eV. Taking MAPbBTr; as an
example, the major contributions to the conduction band and valence band are
hybridized Pb(6p)-Br(4p) and Pb(6s)-Br(4p) orbitals (Figure 1.10).

Figure 1.9. Crystal structure of MAPbBrs.
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An electron can jump to a conduction band under certain excitation. Meantime
generate a hole in the valence band. An electron and a hole can be bounded by
Coulombic interaction and form a so-called exciton. If binding energy is a few meV,
the excitons are likely to be dissociated at room temperature. However, in some
semiconductors and especially in low dimensional semiconductor structures
(quantum dots, nanorods, or nanowires), the exciton binding energy is much higher
and they can be the primary excited species even at room temperature.

*

o

—
T pb(6p)
g}

Er

Figure 1.10. Schematic representation of sp hybridization in MAPbBTr3.

1.3.2 Dielectric screening effect

From the previous studies, light absorption/emission polarization in semiconductors
may originate from the quantum confinement effect®?® dielectric contrast,?’-*
anisotropic TDMs induced by distortion of the crystal,” redistributions of charge
near the interface,’®?! or the combination of several of these factors. Here we are
going to discuss in detail the energy splitting and the dielectric contrast induced
polarization. This section focuses on explaining the absorption and emission
polarization caused by dielectric contrast, the so-called dielectric screening effect.
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Figure 1.11. Ellipsoid used for illustrating dielectric screening effect. (a) The geometry of a prolate ellipsoid
used for eq.1.20. Eo is the external electric field projected on the long axis ¢ (Ef) and the short axis a (ES). (b)
The external electric field Ej is parallel to the major axis c. Charges accumulate on the surface of the object
and generate the internal electric field Ej which has the direction opposite to Ef. (c) The external electric field
ES is perpendicular to the major axis c. Accumulated charges on the surface generate the internal electric field
E , which also has the direction opposite to E¢. Due to the elongation of the geometry, Eﬁ < Ei (yellow arrows),
resulting in Ey > E. (blue arrows) in eq. 1.20.

A difference in the dielectric constants of an elongated object and its surrounding
medium (dielectric contrast) induces a difference in conditions for penetration of
the external electric field oriented along with the object elongation and
perpendicular to it (Figure 1.11). The positive charges o+ are displaced in the
direction of the field and negative charges . accumulate in the opposite direction.
This creates an internal electric field E; that reduces the overall field within the
dielectric ellipsoid.

Taking an ellipsoid as an example, due to the anisotropic geometry of the object,
the internal electric field E% perpendicular to the major axis strongly attenuates the
external electric field E€. In contrast, the internal electric field E|f parallel to the
major axis is weaker and attenuates the external electric field less. The resultant
local field E; > E. can be calculated by solving the Laplace equation resulting in the
following results:*?
€0

g + (& —&)ny,L

EyL= Ef, (1.20)
where ¢ and ¢ are the dielectric constants of the elongated object and its surrounding
medium, respectively. Ef and E¥ are the projection of the external electric field E.
on the major and minor axis and ny_. is the depolarization factor which depends on
the semi-major axes (a,c) of the ellipsoid as

py = 12 (ln (1 ’ e) - 2e> (121)

2e3 1—e
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1 —n"
o=
e=+1—-a?/c? (1.23)

For an infinitely long ellipsoid (nanowire, a << ¢), n is close to 0 and n, = 0.5. So
Ey=Ecand E; = 2&E./(€ + &).

(1.22)

From the above solution, one can calculate the polarization of absorption or PL.
Note that we can use the static electric field model for absorption and PL because
the object is much smaller than the excitation light wavelength so that the object can
be seen as a dielectric material placed in a static electric field. Taking nanowire as
an example, the ratio of absorption coefficient ky/k, and emission intensity I;/1.
are:?’

k" &+ & 2

o= e (1.24)
I e+ &9)?% + 2¢,2
I (e +25 (1.25)
IJ_ 6502

1.4 Energy transfer

1.4.1 Forster resonance energy transfer

Forster resonance energy transfer (FRET) is a mechanism describing energy transfer
between two light-sensitive molecules. FRET is a one-step process without the
appearance of a photon or exchanging electrons (Figure 1.6). The excited state of
donor D* is de-excited while the acceptor becomes excited from the ground to the
excited state through a dipole-dipole interaction (Figure 1.12a):!5

D*+A—->D+ A" (1.26)
The rate of energy transfer is calculated by:’
9:-ln10 1 Qp«k?

= —_—— 4
ker = TN Tt e, Rsf’D(ﬂ)EA(A)A dA (1.27)

where the Qp is the quantum yield of a donor in the absence of an acceptor, 7p is the
lifetime of donor in the absence of acceptor, k is the orientation factor and R is the
distance between the donor and acceptor transition dipoles, Ns is Avogadro's
number, n is the refractive index of the medium surrounding the donor and acceptor.
The integral term [ Ip(A)e4(A)A*dA expresses the extent of spectral overlap
between the donor emission and acceptor absorption.
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It is usually easier to think about the distance than the energy transfer rate, so the
Forster distance Ro can be defined as:

9-1In10 1 5 \
Ro= =, 27sna 0¥ f Ip(Dea(1)A*dA (1.28)
Combining with eq. 1.27, the energy transfer rate Ker can be written as:
Kor = = (R0)6 1.29
SR (1.29)

The energy transfer efficiency ¢ is the ratio between energy transferred to another
molecule and the total amount of absorbed energy:
ker

_ 1.30
5t + kgr ( )

E =

This equation indicates that the high energy transfer efficiency can be obtained only
when the energy transfer rate is faster than the lifetime of the excited state.

By recalling eq.1.29, the eq. 1.30 can be rearranged as:
" R, + RS

which shows the energy transfer efficiency is strongly dependent on the distance
between donor and acceptor R. If R is equal to the Forster distance Ro, then half of
the energy will transfer from donor to acceptor (Figure 1.12b).

£ (1.31)

In a short summary, Forster resonance energy transfer theory predicts that the Kgr
depends on 1/RS, dipole orientation, spectra overlap, and excitation decay rate. The
genius of Forster theory is that the equation is connected to spectra that can be
measured experimentally.
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Figure 1.12. (a) lllustration of Forster resonance energy transfer. (b) Dependence of energy transfer efficiency
on R/Ro.
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It is worth noting that the point-dipole approximation limits the applicability of
Forster theory. Thus, it may fail for conjugated polymer or oligomers, particularly
for linear chromophores. It has been reported that the point-dipole approximation
may under- and over-estimate the transfer rate for head-to-head and cofacial
transition dipole configurations, respectively. ¥

1.4.2 Energy transfer in organic materials

n-conjugated polymer chains are examples of multichromophoric systems with
energy transfer (ET). FRET can occur within a polymer chain (inter-chain ET) or
between adjacent chains (intra-chain ET). The rate of ET depends on the chain
conformation which can be controlled by the choice of solvent, polymer
concentration, thermal annealing and substrates.’**> The time scales of ET range
from picoseconds to nanoseconds.’® Using ultrafast spectroscopy and quantum
chemical calculations, it is shown that interchain ET is by a 1-order-of-magnitude
larger than intrachain ET.>” FRET is highly efficient if the donor and acceptor are
positioned within the Forster radius (the distance at which half the excitation energy
of the donor is transferred to the acceptor, typically 3 — 6 nm).’

The ET process in polymer chains is described below and shown in Figure 1.13.
Due to the distortion or bend of polymer chains, one conjugation can be broken into
several subunits (chromophores). Each unit possesses a different conjugation length.
A longer conjugated unit has a lower bandgap. Subunits can absorb light and energy
rapidly transfer to lower energy sites along the chain. Intrachain ET processes
dominate in solution, while close contact between chains in films favors interchain
ET transport.®® For such a single multichromophoric object (e.g., an individual
conjugated polymer chain), it is hard to measure the PL spectra of independent
chromophores due to the diffraction limit. Hence, polarization measurement
combining with single-molecule microscopy becomes a more efficient and
necessary method.
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Figure 1.13. Schematic illustrates inter- and intra- chain FRET process. All the subunits absorb light. Energy
tends to transfer from short conjugated unit to longer ones which have lower energy bandgap. The orange
color represents stonger emission, and the gray color means weaker emission.

1.4.3 Energy transfer in aggregates

Semiconductor nanoparticles (NPs) exhibit unique optoelectronic properties due to
their tiny size and the large surface-to-volume ratio. When the size of NPs is of the
same magnitude as the de Broglie wavelength of the electron wave function,
quantum confinement can be observed. As confining dimension decreases, the
energy spectrum becomes discrete. As a result, the bandgap of NPs becomes size-
dependent (Figure 1.14).

Forster resonance theory was first developed for the case of a single donor (e.g., a
dye molecule) together with a single acceptor (e.g., a dye molecule). FRET in
assembled nanostructure arrays, such as semiconductor nanoparticles (NPs),
becomes more complicated.* Many groups proposed different models for the
energy transfer process between nanocrystals by considering the confinement
geometries, the assembly architectures, dielectric function,*® the orientation of
nanocrystals,*! the nanoparticle stacking concentration* and so on. The FRET
process in assembled nanocrystals systems can be affected by many factors so that
the ET rate is more unpredictable.

23



Figure 1.14. Proposed FRET process between nanoparticles within one aggregate. Due to the quantum
confinement effect, smaller nanoparticles have a wider bandgap, while larger nanocrystals have a narrower
bandgap. The excitation energy transfers from smaller nanocrystals to larger nanocrystals through dipole-
dipole coupling.

1.4.4 Homo-FRET studied by fluorescence polarization

There are two different types of FRET, hetero-FRET and homo-FRET. Hetero-
FRET refers to the cases when donor and acceptor molecules are spectroscopically
different. The FRET rate of a blend conjugated polymer film can be studied from
time-resolved and high-resolution spectroscopy because of the substantial energetic
difference between the donor and acceptor.*** If the energy transfer from a donor
to an acceptor is efficient, it is expected to see that the PL intensity of blend film at
the donor peak position is decreased. And the lifetime of the donor in blend film is
shorter than the intrinsic donor film. With high time resolution, the acceptor's
lifetime may rise within hundreds of picoseconds at the beginning due to receiving
energy from the donor.*

However, the above methods become inefficient when donors and accepters are
spectroscopically similar. Energy transfer in such systems is called homo-FRET.
e.g., transfer between green fluorescent proteins.*’ Fluorescence anisotropy (FA)
measurements is a powerful tool to investigate homo-FRET.*3? The parameter r,
(calculated in eq. 1.8) can be used to estimate the energy transfer in an ensembled
isotropic system, such as a solution. After the initial photoselection by linearly
polarized excitation, 1o is equal to 0.4 if no depolarization process (energy transfer
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or rotation) occurs during the fluorescence lifetime. The ry will decreases if there
are energy transfer processes and the minimum value of 1y can reach to -0.2.

Some general polarization parameters, such as polarization P (calculated from eq.
1.6) and phase (0, the angle of maximum absorption or emission), can also help us
study the ET process within the system. Since energy transfer is a depolarization
process, it leads that emission polarization (Pem, Oem) is different from excitation
polarization (P, 0cx). In the later chapters, we assign the excitation and emission
polarization P as excitation modulation depth (M) and emission modulation depth
(Mem), respectively.

Furthermore, even if the polarization properties of excitation and emission are the
same, it is still possible that energy transfer occurs in the system. In this case, we
will need a more advanced method to determine the ET process, the so-called single
funnel model. More details can be found in Chapter 3. 33
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Chapter 2 Experimental methods

2.1 Fluorescence microscopy

Fluorescence microscopes use fluorescence to generate images and to study the
properties of organic or inorganic substances. Epifluorescence microscope is widely
used in scientific research. There are other advanced fluorescence microscopies
based on the epifluorescence design, such as two-photon excitation microscopy,
confocal microscopy, stimulated emission depletion microscopy (STED), super-
resolution microscopy, etc. Our novel technique, two-dimensional polarization
imaging (2D POLIM) which we will introduce later, is also based on
epifluorescence microscopy.

The schematic diagram of the epifluorescence microscope is shown in Figure 2.1.
This microscope can work for the sample possessing fluorescence such as dye
molecules, © conjugated polymers, perovskite, and biological samples labelled with
fluorescent stains. Fluorescence microscopy requires intense and near-
monochromatic illumination, so lasers are the most widely used light source for
fluorescence excitation. The dichroic mirror/beam splitter is the heart of a
fluorescence microscope designed to reflect the laser to focus on the sample through
the objective lens (Figure 2.1, blue line) and only transmit the fluorescence of the
sample (Figure 2.1, red line) towards the detector. An extra excitation filter (clean-
up filter) is placed in front of the dichroic mirror to ensure the excitation is
monochromatic. Further, an extra emission filter (long pass or bandpass filter) is
added to the emission path to ensure that the detector collects only the emission light
with a specific wavelength range.
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Figure 2.1. Schematic of an epifluorescence microscope

When light from a point source passes through the objective and projects on the chip
of electron multiplying charge-coupled device (EM-CCD), the point appears as a
small pattern (not a point), known as the Airy disk (Figure 2.2a). The radius R of
Airy disk depends on the wavelength A and the numerical aperture NA:

_1.222 21
2NA @D

The distance R is also known as the effective resolution of a microscope. Figure
2.2a shows that if the two peaks are far away from each other, they can be easily
recognized as separated objects. If the two peaks are separated by R (Figure 2.2b),
the two emitters are just at the resolution limit of the optical system. This is the so-
called Rayleigh criteria. As the separation is less than R (Figure 2.2¢), one cannot
distinguish the two peaks, and the objects are unresolved.
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Intensity

(a) Well-resolved (b) Barely-resolved (c) Unresolved

Figure 2.2. The relative displacement of Airy disks in 1D. (a) The spatial separation is >>R so that the two
emitters are easily resolved. One plot of Airy disk. (b) The spatial separation is equal to R, so-called Rayleigh
criterion. (c) The emitters are unresolved as they are within a distance of R.

2.2 Spectra measurement

To measure PL spectra, the signal passes through a slit and a holographic diffraction
grating and is collected onto an EM-CCD camera (Figure 2.3). Such a scheme
allows observing a sample image (zero-order of diffraction) and the spectra of the
sample (first order of diffraction) simultaneously (Figure 2.3). Single molecules can
be seen as a point light source, whereas in bulk material, the slit must be closed to
avoid image overlap.

The spectral range is limited by the size of the chip in EM-CCD. Within this range,
the EM-CCD is not equally sensitive to all wavelengths. Thus, the setup is further
calibrated using a calibration tungsten incandescent lamp. Each pixel's effective size
on the spectrum is about 3.23 nm, which is calculated from a mercury calibration
lamp.
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Figure 2.3. (a) Setup for fluorescence spectrum. (b) Experimental images of single MAPbBr; crystal (first row)
and polymer (PBDT-TPD) film (second row). Both zero-order and first-order diffraction can be observed on the

images.
2.3 Time correlated single-photon counting (TCSPC)
We used a pulsed laser, an avalanche photodiode (APD), and a time-correlated

single-photon counting (TCSPC) to measure PL decay kinetics and calculate PL
lifetime (Figure 2.4). A 50/50 beam splitter is inserted in front of EM-CCD. 50%
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fluorescence will go to the EM-CCD used to image the sample plane. Another 50%
light will be reflected by the beam splitter and collected by APD. A pinhole (100
pum in diameter) is placed in front of APD to block the light from the rest of the
image. Together with the image on EM-CCD, one can locate the position of interest
for the lifetime measurement. The smallest diameter of the area from which the
signal can be collected using 40x Olympus LUCPlanFL, NA = 0.6 is about 1.2 pum.

TCSPC can be seen as a clock that can count the arrival time of a single photon
compared to a reference signal directly from the light source. The clock is started
by a START signal (from a sample) and stopped by another STOP signal (from
reference light). Each START-STOP sequence is recorded and accumulated in a
time channel (x-axis). The resulting histogram counts (y-axis) versus time channels
(x-axis) represent the fluorescence intensity versus time.

Specimen
[ 1 Sample stage

Obijective
= . &
Excitation |4
HiEsE g Dichroic mirror
= AN D
Wide field *— Emission filter
lens
Beam
Lens splitter EM CCD

N
Mirror U

APD

TCSPC

Figure 2.4. Setup to measure PL decay kinetics using time-correlated single photon counting (TCSPC).
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2.4 Two-dimensional polarization imaging (2D POLIM)

2.4.1 Experimental setup

The setup for two-dimensional polarization imaging (2D POLIM) is shown in
Figure 2.5. The main purpose of the setup is to experimentally determine the 2D
function I(Qex, Pem), the so-called 2D polarization portrait. 2D polarization portrait
will be discussed later in Chapter 3.

2D POLIM setup is constructed on the basis of the wide-field epifluorescence
microscope and several optical polarization elements (A/2 plate, polarizer, and Berek
compensator). The sample is excited by linearly polarized light. The orientation of
the polarization plane can be set to any angle @.x by rotating the A/2 plate. PL images
are detected through an analyzer having the transmission axis at angle Qem. All
combinations of the angles are probed, giving the resulting 2D function I(@ex, Qem)-

The PL intensities [(Qex, @em) are generally recorded for six excitation angles (@ex =
0°, 30°, 60°, 90°, 120°, 150°) and four emission angles (@.m = 0°, 45°, 90°, 135°).
Consequently, 24 PL intensity images are collected by EM CCD camera.
Theoretically, 24 combinations of angles are enough to construct one 2D portrait.
However, we usually measure two rounds (48 images) in the actual measurement.
The results from the second round can help us identify the data's reliability,
especially for the single-molecule measurement. A home-built Labview program
controls both the excitation controller and emission analyzer. So, the 24 images can
be quickly obtained within two minutes.
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Figure 2.5. Two-dimensional polarization imaging (2D POLIM) setup. The excitation controller is a A/2 plate
mounted on a stepper motor, and the emission analyzer is a polarizer mounted on a stepper motor.

The acquired images can be analyzed in two different ways depending on the
morphology of samples (Figure 2.6). In the pixel analysis (Figure 2.6a), the signals
used to construct a 2D portrait are from each pixel. This data processing method is
suitable for the sample possessing spatially homogeneous emission, such as a film.
In the so-called single object analysis (Figure 2.6b), the signal is averaged over all
the pixels representing an individual object. This is the case for a sample containing
nanocrystals which appear as individual diffraction-limited spots at the image.
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Figure 2.6. (a) Pixel analysis and (b) single object analysis of original PL intensity images.

2.4.2 Correction and characterization of polarization in 2D POLIM

The experimental scheme of 2D POLIM does not look too complicated. However,
polarization artifacts induced from transmission-reflectance (Fresnel equations) and
the birefringence can strongly affect the accuracy of the measurements. Thus, we
need to have a correction routine for the setup.

A linearly polarized light can be considered as a linear combination of s- and p-
polarized components (Chapter 1.1.1). According to Fresnel's equation, these two
components transmit to a different extent. Consequently, i) the polarization
orientation of transmitted light can be different from the incident light, and ii) the
intensity of transmitted light is dependent on the polarization orientation of the
incident light. Such an effect can be induced if optical elements (e.g., filters, mirrors)
are not perpendicular to the light propagation.

Birefringent effect (Chapter 1.1.2) can also induce artifacts to experiment. When a
light goes through a birefringent material, the component parallel to the optic axis
has a different velocity than the perpendicular component. Thus, there is a phase
retardation between these two components. Some of the optical elements are
expectedly birefringent, acting as a A/x waveplate. Practically, x is unknown.
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Additionally, these effects are wavelength-dependent. Thus, the artifacts induced by
birefringent are also tricky to be characterized and correct.

Practically, to obtain accurate experiment results, there are many factors that need
to be considered:

1) The linearly polarized light at different angles should have constant intensity when
they reach the sample plane.

ii) Optical elements, especially dichroic mirrors, can depolarize the excitation
linearly polarized light due to the transmission and birefringence.

ii1) For similar reasons, optics could also change the emission polarization.

iv) Interference pattern in excitation can also introduce error, especially for single-
molecule measurements.

Based on the above concerns, we investigate how to characterize and correct the
polarization artifacts in the 2D POLIM setup. It will be discussed in the following
sections.

1. Polarization artifact in excitation — adjustment of Berek compensator

To ensure the accuracy of excitation polarization measurements, we need to be sure
that: i) the polarization state of excitation light at the sample plane is linearly
polarized, ii) The orientation of the excitation electric vector is precisely at the set
angle, iii) To perform a 2D polarization measurement, the intensities at each angle
need to be constant.

Berek compensator plays a vital role in overcoming the polarization artifact in
excitation. A dichroic mirror in the cube of a microscope can introduce a significant
depolarization effect from practical experience. By adjusting the retardation and
orientation, the Berek compensator can behave as any wave plate (A/x) to
compensate the polarization artifacts which are introduced by dichroic mirror or
other optical elements.

In our measurement, we use model 5540 Berek polarization compensator. This
Berek compensator can impose Y4 or %2 retardance at any wavelength from 200 nm
to 1600 nm. The retardance and the orientation of the plane can be adjusted
conveniently and independently using two knurled rings. Precision scales allow us
to set both tilt and orientation angles accurately. To a good approximation, the tilt
angle Or gives retardance R (in waves):

0r = sin~1(0.284V1R) (2.2)

where A is the wavelength in microns. The scales on retardation indicator is related
to the tilt angle by:
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[ =50.22—71sin (E - eR) (2.3)
4
It seems that one can easily set the Berek compensator to fulfill their requirement
according to the above equations.

However, the challenge of adjusting the Berek compensator is that the microscope
does not act as a waveplate due to the polarization-dependent transmittance-
reflectance and birefringence. So the artifact induced by the microscope cannot be
entirely compensated by a Berek compensator. Because of this, it is challenging to
find retardation and orientation that can work for all angles.

Power meter

Polarizer

—I— Sample stage

Objective

Berek polarization Clean up
compensator filter

fﬂq _ﬁ_ N Dichroic mirror
iR VAN

*— Long pass filter

Excitation Defocusing lens
controller on a optical cage
structure

Figure 2.7. Experimental scheme for adjusting Berek polarization compensator.

To accurately find such a position, we design an experimental scheme as shown in
Figure 2.7 and use the following method. Instead of a sample, a polarizer is placed
above the sample stage. The polarizer is continuously rotating. A power meter is
used to measure the laser intensity after going through the polarizer. If it is pure
linearly polarized light, the intensity will be a cos*(@polarizer) With a rotating polarizer
and modulation depth M = (Imax-Imin)/(ImaxtImin) = 1. The power meter is controlled
by a Labview program so that it can calculate the value M in real-time. The ideal
experiment condition is that M for all excitation angles is equal tol.
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The excitation angle is fixed at 0° by the excitation controller and the polarizer
above the sample stage is rotating. Meantime we adjust the Berek compensator and
record all the positions of retardation and orientation when we are able to reach M
> 0.95. Then we change the excitation angle to 30°, 60°, 90°, 120°, 150°,
respectively and repeat the above steps. Finally, the position of the Berek
compensator is chosen in such a way that M > 0.95 for all excitation angles used. In
a similar experimental scheme but removing the polarizer, one can use a power
meter to measure the power of the laser.

2. Polarization artifact in emission — isotropic emitter

It is also important that the polarization state of PL is not changed on its way from
the sample to the detector. However, polarization artifacts also exist in the emission
path similar to in excitation. The emission situation is even more complicated to
deal with than for excitation because fluorescence is not monochromatic. Thus, the
Berek compensator cannot be used for correction.

To correct the polarization artifact in emission, we measure the polarization property
of an isotropic emitter. Theoretically, modulation depth (M%2) should be equal to 0
for an isotropic emitter. However, in real measurements, M9 is around 0.05 for
488 nm excitation due to the birefringence and transmittance artifact. A correction
function (Cem) calculated from the experimental value M52 and 6559:

Cem (‘Pem) =1+ Méﬁr(i COS(Z [‘Pem - eeiir(l)]) (2.4)
Thus, the intensity I can be corrected using the following equation:
[(Pex) Pem)

Ic(@exs Pem) = (2.5)

Cem ((pem)

3. Characterization of the accuracy of 2D POLIM — artificial molecule

In order to test the accuracy of the 2D POLIM measurement, we designed a so-
called 'artificial molecule' (AM). The construction of AM is shown in Figure 2.8.
The AM consists of a polarizer mounted on the rotation stage with a bottle of dye
molecule solution placed on its top. The incident light passes through a polarizer
and then absorbed by the solution, so the absorption of AM is linearly polarized.
The emission from the dye molecule solution will pass through the same polarizer
again, so the emission is also linearly polarized and has the same orientation of the
absorption. The absorption and emission intensity depend on the orientation of AM
as a cos” function, which is the same as for a dipole. (Figure 2.8b).

We can change the orientation of the axis of the AM on the lab axis by rotating the
polarizer. Ideally, for artificial molecule, MAM = MM =1 | 941 = gAM =

37



¥y

OAM — 9AM) phase difference between excitation and emission, is equal to zero.

olarizer> Where Wpolarizer 18 the orientation of the AM. Luminescence shift (LS =

N
<———

Sample — |y . Sample
e " polarizer,

stage . stage _ Dipole

Polarizer ]:>

LaserI l PL LaserT PL

(b)

Figure 2.8. (a) A photograph and (b) a schematic diagram of the artificial molecule (AM). A bottle of isotropic
solution placed on the top of a polarizer plays a role as a single dipole with a known orientation.

The polarization properties of the AM measured on the 2D POLIM setup are shown
in the following table. For excitation at 488 nm, 0.96 < M < 0.99 and 0.93 < M
< 0.98. Mem can be further corrected by the method mentioned in section 2 so that
0.95 < Mem < 0.99. The phase uncertainty is about one degree.

Table 2.1. Modulation depths, phases and LS of the AM oriented at 0°, 30°, 60°, 90°.

0.99 0.98 1 1 0
0.96 0.93 31 32 -1
0.97 0.95 62 63 -1
0.98 0.98 89 89 0
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Chapter 3 Two-dimensional
polarization imaging

3.1 Polarization portrait

Polarization portrait (Figure 3.1) is obtained by 2D POLIM measurement as
described in Chapter 2. The sample is excited by linearly polarized light with the
polarization plane oriented at angle @.x, and there is a polarizer in the emission path
to detect the fluorescence intensity through an analyzer oriented at angle @em. Then
for each pixel of the camera or for each selected object (Figure 2.6), we obtain a
two-dimensional map of emission intensity [(¢cx, Pem) Which we call polarization
portrait. Compared with the traditional one-dimension method (when only one of
the two angles is changed), the 2D polarization portrait contains a correlation
between excitation and emission polarization properties which reflect the energy
transfer process in the system.

How many angles do we need to measure to determine a polarization portrait
unambiguously? According to the Malus law (Chapter 1), each cross-section of the
function I(@ex, ®em) at a fixed excitation angle @.x or emission angle @.m has the
functional form: A cos2(o - 0) + B, where A, B, and 8 are constants. Thus, the one-
dimensional measurement has three degrees of freedom, which means we need three
different combinations (@ex, @em) to calculate A, B, and 0. Consequently, at least
nine different combinations (Qex, Qem) are needed to determine such a two-
dimensional portrait. Practically, to experimentally obtain more stable and accurate
results, we measure 24 combinations of excitation angles (0°, 30°, 60°, 90°, 120°,
150°) and emission angles (0°, 45°, 90°, 135°), as mentioned in Chapter 2.4.
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Figure 3.1. Examples of 2D polarization portraits. (a) one dipole oriented at 120°, (b) two dipoles oriented at 30°
and 120° without energy transfer, (c) two dipoles oriented at 30° and 120°, 50% energy transfer of the dipole
oriented at 120° transfers to the dipole oriented at 30°.

Figure 3.1 shows some examples which can help us to understand the meaning of
patterns in polarization portraits. For one dipole (Figure 3.1a) oriented at 120°, only
one yellow spot is located on the diagonal @cx = @em = 120° corresponding to the
maximum intensity of excitation and emission. By rotating the dipole, the location
of the yellow circle moves along the diagonal. If two dipoles orient at different
angles (Figure 3.1b) and no energy transfer (ET) between them, one can see two
yellow spots, and the whole portrait is still symmetric relative to the diagonal.
However, if there is energy transfer between two dipoles, the portrait's symmetry
breaks, as shown in Figure 3.1c. What kind of quantitative information we can
obtain from polarization portraits will be discussed in the following sections.

3.2 Polarization parameters

A polarization portrait contains information about the polarization properties of the
system in both excitation and emission. One can extract some of this information
directly from the portrait without any pre-knowledge of the system. For example,
we can calculate polarization modulation depths, phases, and luminescence shifts
by integrating along x-axis or y-axis of one 2D portrait. Experimentally. these
parameters can also be measured from 1D polarization measurements.
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Figure 3.2. Visualization of the polarization parameters (modulation depth, phase and luminescence shift)
extracted from polarization portrait.

The excitation polarization curve [(¢.) (Figure 3.2, the blue curve on the top) is
obtained by integrating the portrait [(Qex, Gem) Over the emission angle @em. This
curve can also be measured experimentally by exciting the sample with linearly
polarized light at different angles and detecting emission without the analyzer. The
Iex has the following functional form according to the Malus law:

Iex((pex) = ACOSZ(‘Pex —-0)+B (3-1)

where A, B and 0 are constants. We can write the above equation in terms of
maximum intensity Imax and minimum intensity Inin using some simple re-
arrangements:

Lpnax =A+B (3.2)
Lpin = B (3.3)
ACOSZ(‘Pex —0)+ B = (Imax — Imin)cosz((pex —0) + Ipin (3.4)

Using the cosine half-angle formula, the above equation can be written as:
(Imax - Imin)cosz((pex - Hex) + Lnin

I + Ly Il — L
_ _max min [{max min COS(Z [(pex _ eex]) +1 (3.5)
2 Imax + Imin
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From eq. 3.5, we define three important polarization parameters: average intensity
I, excitation modulation depth M.y, excitation phase Ocy:

_ 1 + I
[ = fmax T Tmin (3.6)
2
I — Ly
M,, = max ~ Imin (3.7)

Imax + Imin

Thus eq. 3.5 can be rewritten as:

Lex (Pex) = I_[MexCOS(Z [Pex — Oex]) + 1] (3.8)

The average intensity can also be obtained by exciting the sample with circularly
polarized light and detecting the fluorescence without an analyzer. M, ranges from
0 to 1. For isotropic absorbers, such as randomly entangled conjugated polymer
chains or a spin-cast dye molecules film, M is equal to zero. If the excitation light
polarization orients at the angle 0., absorption of the excitation light is maximal.
We define 0. as the excitation phase.

Similarly for emission, integration over the excitation polarization angle ¢ yields
the emission curve I(@em) (Figure 3.2, red curve on the right), and the same
functional form can be written as:

Iem (@em) = I_[MemCOS(Z [Pem — Oem]) + 1] (3.9)

Where Men and 6em are emission modulation depth and phase, respectively. Mem
ranges from O (an isotropic emitter) to 1 (a single dipole emitter). When the emission
is measured through an analyzer, the signal reaches the maximum when the analyzer
is set at the angle f.m. Luminescence shift (LS) is the difference between the
excitation and emission phases.

3.3 Energy transfer determination from polarization
portrait

Excitation energy transfer is typical processes in a multi-chromophore system.
Polarization is sensitive to the energy transfer because energy transfer leads to
emission from chromophores which have a different orientation of the transition
dipole moment than the originally excited chromophores. There are several ways to
visualize the energy transfer process from a two-dimensional polarization portrait.
We can measure fluorescence anisotropy, analyze a modulation depth correlation
plot and a phase correlation plot and calculate the energy funneling efficiency.
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3.3.1 Fluorescence anisotropy

As we mentioned in Chapter 1, fluorescence anisotropy is originated from the
photoselection of randomly oriented molecules excited by linearly polarized
excitation light. Photoselection means there is preferential excitation of
chromophores oriented along the electric vector.

After the initial photoselection by linearly polarized excitation, if no reorientation
of the dipoles and no energy transfer between them, then r is equal to fundamental
emission anisotropy ro. For dipoles randomly orient in a three-dimension (3D)

space:
_ 2(3cos?*B —1 310

For dipoles randomly orient in a two-dimension (2D) plane:

_ cos (2)
"0 =30 5¢0s (28)

where, [} is the angle between the absorption and emission transitions. The angle B
results in a further loss of anisotropy. In the absence of depolarizing processes
(energy transfer or rotational diffusion), ro reached the maximum value of 0.4 (for
both 3D and 2D) if a molecule possesses = 0. In the case of 3D, 1y is equal to zero
when B = 54.7°, so-called magic angle. The minimum 1y is -0.2 when 3 = 90°. In the
case of 2D plane, 1y is equal to zero when 3 = 45°. The minimum ro is -2/7 when f
=90°.

(3.11)

Fluorescence anisotropy can be seen from the polarization portrait, as shown in
Figure 3.3. The higher intensity (Figure 3.3 a) on the diagonal is caused by
photoselection. The portrait becomes flat (Figure 3.3 b) in the presence of
depolarization processes. The fluorescence anisotropy can also be calculated from
2D portrait. By fixing an excitation angle @cx, Ij = I(Qex, Qex), and 11 = I(@ex, Qex +
90°). Then r can be calculated from eq. 1.6.

Note that for an isotropic sample, fluorescence anisotropy is independent of the
excitation. Thus, one can use r as a parameter to quantify depolarization due to
energy transfer or rotational diffusion. However, for an anisotropic system, such as
an individual multi-chromophoric system, r varies with the excitation angle. Thus,
it cannot be used to describe the depolarization process.
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Figure 3.3. Calculate fluorescence anisotropy from polarization portrait for isotropic samples. (a) System has
no depolarization processes (r = 0.4). (b) The system has efficient energy transfer processes resulting in r =
0.03.

3.3.2 Modulation depth correlation plot

The difference between excitation and emission polarization properties is a strong
indication of energy transfer processes. It directly shows that the emitters are
different from the initially excited absorbers. The modulation depth correlation plot
and phase correlation plot directly show the relationship between the excitation and
emission polarization properties of each object. These correlations can only be seen
when Mex, Mem, Oex, Bem are obtained simultaneously for each object which is the
case for the 2D POLIM technique.

Each data point in Figure 3.4 represents an individual MAPbI; nanocrystal. The
off-diagonal data points mean the object has different absorption and emission
polarization properties (M and 0). Note that the studied objects on the phase
correlation plot possess modulation depths higher than 0.07. If the modulation depth
is close to zero, the phase is just an artificial number without any physical meaning.
To make sure the meaning of the phase correlation plot, the data points in the phase
correlation plot need to be selected in advance.

In the modulation depth correlation plot (Figure 3.4a), the emission becomes more
polarized (less polarized) than the absorber if the data point close to the y-axis (x-
axis). In the phase correlation plot (Figure 3.4b), the more off the diagonal, the
larger the luminescence shift (LS) is. LS indicates that the object absorbs the
maximum amount of light in one orientation, but the maximum emission intensity
happens in another orientation.

Having M and 60 difference is sufficient but not a necessary indication of energy
transfer. Depending on the internal structure of the sample, it is possible that there
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is efficient ET, while, the M and 0 are the same for excitation and emission. For
example, two dipoles orient orthogonally, and they exchange energy completely.
The excitation and emission curve will be the same (Mex = Mem = 0). However, we
can distinguish the systems with or without ET clearly from 2D portrait.

This is because M and 0 are calculated by the integral over the 2D portrait. The
integral results in the loss of information. In contrast, 2D portrait contains more
about the correlation between excitation and emission. The following section will
show a unique parameter - energy funneling efficiency, which can only be extracted
from the two-dimensional polarization portrait.

(@) Mg,-M,,, correlation plot (b) Bey-B.r, correlation plot
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Figure 3.4. Examples of (a) a modulation depth correlation plot and (b) a phase correlation plot. The data points
are measured from individual MAPbI; nanocrystals.

3.3.3 Energy funneling efficiency

Energy funneling is an essential concept in light-harvesting devices and in the
single-molecule spectroscopy community.’*>® Energy funnel efficiency is the
ability of a system to transport the excitation energy towards a particular site. In this
section, we introduce how to extract energy funneling efficiency from a 2D portrait.
The following content refers to the previous work done by Rafael et al.*

For a single system consisted of N chromophores, a general description of the
fluorescence intensity I(@ex, Pem) measured by 2D POLIM is:
N
1o Pem) = ) 0057 (90 = 07) cO5*(em — 69)  (31D)

i=1
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where N is the number of chromophores in the system, 8; is the orientation of the
chromophore i.

If there is ET process between the chromophores, then the excitation energy
generated at chromophore i could be emitted by another chromophore k. To take
this into account, we write:

N N
I((pexr (pem) = Z COSZ((pex - 010) Z Tik cosz(goem - 91?) (3'12)
i=1 k=1

where Tix is a two-dimensional matrix describing the energy redistribution between
chromophores:

tisr tisz | tiow
ty, ty, ty,

r=|fr fz o feon (3.13)
tno1 sz oty

The elements tix tell how much energy transfers from chromophore i to chromophore
k. Each column represents one chromophore. The sum of elements in column k
represents the total energy emitted from chromophore k.

The 2D function I(@ex, @em) can be fitted with a linear combination of two limiting
cases: NOET part — emission only from the chromophore i, and ET part- emission
from the other chromophores due to energy transfer:

1(@orx» Pem) = NOET + ET (3.14)
N
NOET = " ty(i=1¢05* (Pex — 0°) 05> (m — 07) (3.15)
i=1
N N
BT = )" c05%(ex = 07) ) tingisy c05* (0em — 0F) (3.16)
i=1 k=1

Let us define for each chromophore i the parameter &; as:
N

g = Z Cik(i=k) (3.17)

k=1

This parameter shows the fraction of energy initially present at chromophore i which
is transferred to other chromophores.

After some re-arrangement, the above equations can be written as:

N
NoET = 2 (1 — &)cos?(@ex — 67) cos?(pem — 67) (3.18)

=1
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N
ET = Z £;C0S%(Pex — 9{’)%[1 + Mf; cos[@em — 0fiD] (3.19)

i=1
where the polarization properties of the EET emitter assigned to chromophore i are
described by the modulation depth Mf; and orientation 6f;.

The above equation shows why it is difficult to analyze the EET process in multi-
chromophoric systems. This is because a system of N chromophores contains N
funnels possessing different modulation depth Mf;, phase 8f; and energy transfer
efficiency &;. Without prior knowledge of the systems' internal organization, it is
impossible to extract all unknown parameters from experimental data.

The above equation for the ET part can be simplified by single funnel approximation
(SFA). In this approximation, we assume that there is only one ET-emitter (the same
for all chromophores) and the ET efficiency ¢ is the same for all chromophores. In
the framework of SFA, the above equations take the following form:

N
NoET = (1 —¢) Z c0s?(@ex — 07) cos?(pem — 67) (3.20)

=1

N
ET = .%[1 + Mfcos (2[@em — 6f]] Z cos?(per —09)  (3.21)

=1

The coefficient €, so-called the energy funneling efficiency, ranges from zero when
there is no EET (perfect photoselection), to one, for the perfect EET funneling case
(no photoselection). It works as a scaling factor to characterize the light-collecting
efficiency over the whole system to an EET-emitter (a funnel). € is not affected by
anisotropy of absorption (presence of linear dichroism) contrary to fluorescence
anisotropy.

The EET emitter can be a single dipole emitter, a pool of chromophores or even the
whole system itself. The polarization properties of the EET emitter, Mf modulation
depth and emission phase 0f can be extracted from the ET portrait.

Figure 3.5 visualizes the mathematics described above. For perfect energy
funneling (the 2D portrait of the ET part, Figure 3.5, second column), the emission
polarization properties are characterized by Mf and 6f and they are independent of
the excitation angle. This is the signature of energy finneling. However, the
emission intensity of the ET emitter can depend on the excitation angle because the
overall energy absorbed by the system can depend on the excitation polarization
angles. The NoET portrait (Figure 3.5, third column) shows the signature of
photoselection — the intensity is symmetrical against the diagonal. It means that the
maximum emission always happens at the same orientation of the analyzer as the
orientation of the excitation polarization.
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Figure 3.5. Decomposition of the polarization portrait (first column) into two separate portraits, one (the second
column) corresponds to perfect energy funneling and the other (the third column) corresponds to no energy
transfer.

The NoET part can be further expressed using the so-called symmetrical three-
dipole model:

(1-¢)
2+7T

NoET = [COSZ((pex = [Oex — @]) COSZ((pem = [Oex — a]

+r COSZ(gDex - gex) COSZ(‘pem - Bex)
+ COSZ((pex - [eex + 0(]) COSZ((pem - [eex + 0(])] (3-22)

ET = 8%[1 + Mex0S (2[@ex — Oex DI [1 + Mfcos 2[@em —0fD]  (3.23)
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Figure 3.6. Three-dipole model.

The main dipole orients along the main axis of absorption of the system, thus this
orientation is equal to 0.x. Both side dipoles have the same absorption cross-section
and are symmetrically oriented at an angle o respective to the main dipole. The ratio
between the excitation cross-section of the main dipole and side dipoles is I'. We
need this formal presentation of the system to make it possible to fit experimentally
measured 2D portraits.
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Chapter 4 Results and discussions

4.1. Photo-oxidation reveals H-aggregates hidden in
spin-cast conjugated polymer films — Paper I

Nowadays, conjugated polymers (CPs) are widely used in organic field-effect
transistors (OFET),% organic light-emitting diodes (OLEDs),*! photovoltaic cells
(OPV),%2 and electrochemical transistors for bioelectronics and sensors.®36463
Conjugated polymer chains can adopt different conformations which is important
for the optical and electronic properties.

Single-molecule spectroscopy studies directly show highly oriented chain
conformation possessing high polarization in absorption and emission,**®’ but
ensemble averaging in films eliminates the polarization anisotropy. However,
depending on the chemical structure of conjugated polymers and substrate's surface
energy, some polymers can form well-ordered micron-sized domains that are
observable by optical microscopes. Preferential orientation on scales of millimeters
and larger can be induced for CPs using external stimulus, including deposition on
a liquid substrate,’® mechanical rubbing,® epitaxial growth and unidirectional
deposition techniques,” in-situ photo-polymerization on nematic liquid crystals’!
and other methods.

Exciton coupling can happen for the quasi-parallel and closely packed dense chains.
It leads to the delocalization of the excitation over two or more segments in J-type
(head to tail arrangement) or H-type (parallel arrangement) aggregates, resulting in
a drastic change in the absorption and luminescence spectra. 2! (As discussed in
Chapter 1, 1.2.2). Both oriented domains (H/J-aggregates) and amorphous phase
could exist simultaneously in an actual spin-cast film.

This paper reports spontaneously formed highly oriented sub-micron domains in the
spin-casting CP PBDT-TPD film observed by two-dimensional polarization
imaging (2D-POLIM). A series of 2D POLIM contrast images of the same region
of the film is obtained before and after photodegradation, as shown in Figure 4.1
left column and right column, respectively. The emission modulation depth
inhomogeneously increased during photodegradation which results in a clear
microscale pattern. The film structure is not changed proved by atomic force
microscopy (AFM) images. PL spectra of the fresh film and degraded film are very
different. The intensity decreases 6.7 times, and the spectrum has a redshift from
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664 nm to 704 nm. The 0-0 absorption transition relative to 0-1 transition is
suppressed upon photodegradation.

(a) Fresh film
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Figure 4.1 (a) Exemplary 2D POLIM images of the same position on the fresh (left column) and degraded (right
column) PBDT-TPD film prepared on the glass substrate, spatial resolution is about 1 pm. The images in 2D
POLIM contrasts are emission modulation depth Mem (A,B), modulation phase of emission 8em (C,D), and
fluorescence intensity (E,F). The size of the six images is 50 ym x 50 pm. (b) The PL and absorption spectra of
isolated chains in dilute chloroform solution (grey dashed line) in comparison to those of the spin-cast film on
a glass substrate (solid thick lines, blue-nondegraded film, orange-after 10 min of degradation). The absorption
and PL spectra of the solution are normalized. PL spectra of the film were recorded every 2 min during
photodegradation. These spectra are plotted in units of the maximum PL intensity of the fresh film. The red
dashed line shows the redshift of the PL spectral maximum. Absorption spectra of the film before and after
degradation are plotted in units of the maximum optical density of the fresh film.

The homogeneous film morphology indicates that the M., and phase image pattern
does not come from the defects of the film structure. These patterns should be
micron-size-oriented domains hidden in the fresh film but become more visible in
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the degraded film. Increasing of M. indicates that the contribution of the PL of
more oriented domains to the total PL intensity increases upon degradation.

We propose that the polymer film be a mixture of Phase 1 — less oriented and less
photostable, and Phase 2 — more oriented and more photostable. Mcm can be written
as:

Mem = B1My + B M, (4.1)

where M, and M, are the modulation depth of Phase 1 and Phase 2, and 8, and £3»
are the contributions of each phase to the total PL (81 + B2 = 1). Combining this
equation with our experiment results (Men = 0.07 and 0.14 before and after
degradation, respectively), we can estimate the modulation depth of Phase 1 and
Phase 2 is about 0.05 and 0.14 for the film on the glass. And f: decreases from 0.71
to 0, 5> increases from 0.29 to 1 upon photodegradation.

A similar experiment we also have done for the film spin-casted on a silicon
substrate. Due to the lower surface energy, polymers are more oriented on silicon
substrates where M; is about 0.17 — 0.3, and M, = 0.4.

In the following discussion, we assign Phase 1 as amorphous phase, and Phase 2 as
H-aggregates due to the obvious suppression of 0-0 transition in the absorption
spectra. Furthermore, photodegradation destroys and converts the emitting sites to
luminescence quenchers, leading to suppressing the overall PL intensity. In Phase 1
(less oriented or say amorphous phase), the overlap between its absorption and PL
spectra is larger than H-aggregates in Phase 2. Thus, the Forster resonance energy
transfer (FRET) efficiency is higher in Phase 1 than Phase 2. Due to the efficient
FRET, one quencher in Phase 1 can quench a large film volume and cause
significant suppression of the emission. However, the quenchers forming in Phase
2 do not substantially influence the PL of other aggregates due to insufficient energy
transfer. That is why the PL intensity of Phase 1 decreases more than Phase 2 upon
photodegradation.
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Figure 4.2 (a) Proposed local organization of the observed films with our spatial resolution. (b) Proposed
microscopic organization of one domain. Yellow long lines show polymer chains that do not have strong
interaction between chain segments but still follow the principal global orientation axis (Phase 1). The double
red lines show parallel segments having substantial excitonic interaction forming H-aggregates (Phase 2). The
emission of H-aggregate is red-shifted. (c) PL spectra of fresh and photodegraded films. PL of the fresh film is
the sum of the PL of individual segments (Phase 1) and the PL of H-aggregates (Phase 2). The degraded film
emits red-shifted PL (emission of H-aggregates) because the PL of individual segments is quenched due to
efficient FRET to the photogenerated quenchers (black dots) formed in the nonaggregated phase.

In this paper, we demonstrated that photo-oxidation could be used to visualize
hidden morphological structures. It turns out that depending on the local
peculiarities of electronic and vibrational transitions and energy transfer, the
resistance of the CPs luminescence to photodegradation-induced quenching can be
very different. The diversity of structural organization is expected to affect the
fundamental photoelectronic process relevant to understanding and improving
polymer-based organic photovoltaic devices.

4.2 Strong photoluminescence polarization of MAPbBr;
nano-structures — Paper 11

Metal halide perovskites (MHPs) is a popular choice among the contemporary
materials with great promises in optoelectronics as rendering from their efficacy and

purity of photon emission.”>”* Polarized light emission from nanocrystals (NCs) of
MHPs will be beneficial for optoelectronic applications (e.g., LCD). Thus, polarized
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light emission from MHPs and their control started to be an important topic in the
field.

Polarized photoluminescence (PL) has been reported on metal halide perovskite
(MHP) nano and microcrystals.*?**7*7® Generally, polarization in MHP nano and
microcrystal may originate from the dielectric contrast,?”-”% exciton fine structure
splitting in quantum confined nanostructures, %! distortion of the crystal lattice
and anisotropic orientation of TDMs,?*** or combination of more than one of these
factors. However, in many cases, the polarization degree was not quantitatively
compared with theory.

Several years ago, the synthesis of MAPbBr3; NCs in a stretched polymer matrix in-
situ was demonstrated.*”*283 This method leads to the formation of highly stable
NCs embedded in the polymer film and exhibit strongly polarized excitation. The
formation of NCs in a polymer matrix is a complicated process. As a result, the
geometry of the NCs is very irregular compared to the widely studied
nanocubes’®3%7¢ or nanowires.®*®, Thus, it is important to know the structure of
the individual object presented in the polymer matrix. This calls for the combination
of fluorescence and electron microscopy.

In this contribution, we investigated polarization properties of the in situ fabricated
MAPDbBBT3 nano-structures in the stretched Polyvinylidene fluoride (PVDF) films
employing spatially correlated high-resolution scanning electron microscopy
(SEM) and two-dimensional polarization imaging (2D POLIM). We show that the
topology and polarization properties of the particles inside the film vary
considerably with the mass fraction of the perovskite. We find that an ordinary
dielectric contrast model cannot explain all the polarization properties, and some
weak elongated aggregates possess much stronger polarization than expected.

We studied two limiting concentrations (9%, high-C and 0.5%, low-C) of MAPbBr;
perovskite in the polymer film. Figure 4.3 shows SEM images of the representative
films. The high-C film contains a large number of 'rice-like' nano-structures
possessing an elongated shape oriented along the stretching direction (Figure 4.3,
panel I, a). According to the previous study,* rice-like aggregates consist of several
closely situated small nanocrystals of 5 — 10 nm in diameter aligned along the
stretching direction. Interestingly, in the low-C film, we see only sub-micrometer
stone-like aggregates, and no rice-like aggregates can be seen in the background
(Figure 4.3, panel 11, a).

To obtain the polarization properties of the different nano-structures, we use pixel
analysis and single object analysis to calculate the polarization parameters (M and
0) of rice-like aggregates (in the high-C film) and individual stone-like aggregates
(in the low-C film), respectively. For the high-C film, the M (average Mex = 0.25)
and Mem (average Mem = 0.36) do not vary significantly across the low-C film
(Figure 4.3, Panel [, cd). The excitation and emission phases coincide with the film
stretching direction (shown by the arrows in Figure 4.3). In the low-C film, stone-
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like aggregates can have quite different polarization properties, which can be seen
from the wide distributed data point in the modulation depth correlation plot (Figure
4.3, Panel II, c¢). There are two sub-populations that are marked as Group 1 and
Group 2. Surprisingly, some of the stone-like aggregates have extremely high Mex
= (.88 and 0.78 (Figure 4.3, Panel 11, a).

I. High—C film
SEM PL Mex Oex Oem
rice-like a b c e f
aggregates
= =2 =z o=z
e 1Oen,
\/ ?\/
0 1 0 0.6 0 0.6 p: ;
II. Low — C film
(a) SEM ;
7
(c) voa
0.8 A
06 6[9“62 1
Ew Grou.pl ///,—_\\
0
(b) PL

Figure 4.3. Polarization properties and SEM images of (I) high-C and (ll) low-C films. In Panel |, (a-g) are the
high-resolution SEM image, fluorescence intensity, excitation modulation depth (Mex), emission modulation
depth (Mem), excitation phase (8ex), emission phase (8em) images of the high-C film. In Panel Il, (a) SEM image of
stone-like aggregates overlaid with their polar plots showing the polarization property of excitation (blue) and
emission (red). (b) is the PL images of the same position shown in the SEM image (a). (c) 2D density distribution
of excitation and emission modulation depth for low-C films. Two subpopulations are shown (group 1 and
group 2, marked in dashed circles) in the low-C film.

The dielectric screening effect can result in polarized absorption and emission of
elongated objects. When a dielectric material is placed in a static electric field, an
internal electric field E; is generated due to the charge accumulation on the object's
inner surface. This internal electric field attenuates the applied field inside the nano-
structures, producing local electric field E = Eq - Ei. This is the so-called dielectric
screening effect. Due to the elongation of the object, E>E,.
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Considering dielectric contrast, we calculate polarization properties numerically by
solving Maxwell equations for the desired structure and compare them with the
experimental data. We build four closely located spheres (diameter is 6 nm) as a
model of rice-like aggregates (Figure 4.4, Panel 1) and calculate M¢x and M for
different arrangements of four spheres. At first glance, all these results capture pretty
well the experimentally observed polarization properties of the high-C film (Figure
4.3, Panel I, cd). Additionally, we learned that i) both M and Mem increase with
increasing the overlapping between the spheres (Figure 4.4, Panel I, b), ii) the
aggregate can have higher M., if the emission site is closer to the object's center
(Figure 4.4, Panel I, c¢). The second observation might explain why Mem>Mex from
our experimental results (Figure 4.3, Panel I, cd).

We chose the object C possessing Mcx = 0.88 and Mem = 0.35 and calculate its
polarization properties based on its geometry. Calculations gave Mex = 0.31 and Mem
= 0.33. The experimental M, is more than two times larger than expected from the
theory. We varied several features of the object geometry, such as distance between
individual particles in the aggregates, presence of the resonance effects by adjusting
the size of the ellipsoid, and placing the aggregate into a cavity filled with air.
However, we were not able to achieve the experimentally observed averaged Mex
(experiment) = 0.7. Thus, we conclude that the dielectric screening effect semi-
quantitatively explains the polarization properties of stone-like aggregates in Group
1, but not in Group 2. So far, we have only one idea with the potential to rationalize
the high polarization degree. It has been observed in several studies on MAPbBr3
materials that the PL intensity grows nonlinearly with the excitation power.*”® This
non-linear dependence of PL intensity on the excitation power can be partially
responsible for the observed polarization higher than 0.6.
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I. Rice-like aggregates in the high— C film

(a) Four spheres without overlap  (b) Four spheres with overlap (c) Emission from center and  (d) An array of rice-like aggregates
M,,: 0.24 Mg, 0.3135 peripheral spheres Me,: 0.325
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II. Stone-like aggregates in the low — C film

(a) Geometry of the object C (b) Simulation and experiment results of the object C
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Figure 4.4. In Panel |, a list of Mex and Mem for rice-like aggregates consisting (a) four spheres without overlap
and (b) four spheres with overlap. (c) Mem is higher when the emitting site is close to the center of the object.
(d) Mex and Mem of an array of rice-like aggregates. Each sphere represents one nanocrystal. The diameter of
one sphere is 6 nm. In Panel Il, (a) the geometry of the object C. (b) a summary of simulation and experiment
results of the Object C.

To summarize, we studied the polarization properties of three different types of
MAPbBBT3 nano-structures fabricated in situ in stretched PVDF films. They are rice-
like aggregates, stone-like aggregates in Group 1, and stone-like aggregates in
Group 2. We find the dielectric screening effect can semi-quantitatively explain the
polarization of rice-like aggregates and stone-like aggregates in Group 1, but cannot
explain the high M., from Group 2. Resonance effects when the size of the objects
becomes comparable with the wavelength also cannot allow reaching the required
level of Mex. Non-linear dependence of PL intensity on the excitation power can be
part of the reason. More theoretical and experimental research is needed to explain
the observed phenomenon.

4.3 Characterization and improvement of single funnel
approximation (SFA) — Paper III and Paper IV

Forster resonance energy transfer (FRET) is a nonradiative energy transfer between
a donor (D) in the excited state and an accepter (A) in the ground state. When the

donor and the accepter have distinguishable absorption and luminescence spectra, it
is so-called hetero-FRET. Otherwise, homo-FRET can take place between two like
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fluorophores (e.g., green fluorescent protein). Generally, fluorescence anisotropy
(FA) is a powerful tool to study the homo-FRET efficiency of isotropic samples.>>?*~
93

Our group developed an advanced technique 2D POLIM, and the SFA model (as
described in Chapters 2 and 3) quantitively assesses the energy transfer efficiency.
This method has been successfully applied to various systems, such as single
molecules,*'?* blend CPs film,”®>* natural light-harvesting system®*** and protein
aggregation in biological cells.”” In the following work, we do a series of computer
experiments to test our SFA model on a known artificially generated system. This
work allows us to learn the applicability of the SFA model and further improve it.
The important results and discoveries are listed below:

1. In the absence of excitation energy transfer (EET), the curves (black curves,
Figure 3a-d) on the diagonal of the 2D portrait has form: I(@Qey = @em) =

N, cos4(<pex - Hio). Theoretically, by using this equation to fit the diagonal of
any portrait without EET, one can obtain the number and the orientation of
chromophores. However, it will not work for an isotropic sample (Figure 3c). The
above information cannot be seen from one-dimensional polarization
measurements.

120° 30°,120° 0°, 60°, 120° 0°, 30°, 120°
(a) . (b) () (d)

Figure 4.5. Examples of 2D portrait without ET. Excitation (blue curve on the top) and emission (red curve on
the left) polarization property can be obtained by the integral over the y and x axis of 2D portrait, respectively.
The black curves are the intensity on the diagonal of 2D portraits. (a) One chromophore orients at 120°. (b) Two
chromophores orient at 30° and 120°, respectively. (c) Three chromophores orient at 0°, 60° and 120°, forming
a system possessing isotropic absorption. (d) Three chromophores orient at 0°, 30° and 120°, respectively.

2. Multi-funnel system means several funnels exist in one system, and
chromophores transfer different amounts of energy (e;) to the funnels. The SFA
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funnel can be applied to multi-funnel systems if they meet the following
requirements:

1) The multi-funnel system can be split into several sub-systems connected to each
funnel. In each sub-system, only one funnel exists, and all the chromophores transfer
the same amount of energy to it.

ii) The absorption polarization (defined by excitation modulation depth and
excitation phase) of all the sub-systems is the same.

3. Based on the previous experience,” an asymmetric three-dipole model is
designed to fit NoET portraits to get the orientation of the system. In comparison
with the previous symmetric three-dipole model, the asymmetric model can be
better used for the system where chromophores orient asymmetrically along the
main axis of absorption.

The residues of the symmetric model are relatively high, especially when there is
no energy transfer process in the system. More interestingly, the residues decrease
with increasing energy funneling efficiency. This trend directly illustrates that
energy transfer results in the loss of excitation information, or other words, loss of
polarization memories.

Contrary to symmetric model, the residues keep low no matter there is efficient
energy transfer or not, which means the asymmetric model works very well for the
system. Note that the asymmetric model is more susceptible to the initial value. To
apply the asymmetric three-dipole model to an actual situation, one needs to input
more initial values or increase the iteration step until the fitting find the stable
minimum value.

4. In this section, we do several computational tests on different arrangements of
absorbers and emitters to address the following topics:

1) The relation between fluorescence anisotropy r and energy funnelling efficiency
¢ for randomly oriented molecules is 7 = 2 X 5 The higher the energy funneling
efficiency, the lower the r will be.

ii) Fundamental fluorescence anisotropy r in 2D. As shown in Figure 4.6b,
molecules randomly orient on a 2D plane, and the angle between the absorption and

emission TDM is . The dependence of r and B is r(2D) = cos(2) The

3-0.5cos(2B)"
relation between € and B is € = 1 — cos(2p). (Figure 4.6¢)

iii) Energy funneling efficiency € can be larger than one (negative fluorescence
anisotropy) when [ goes beyond the magic angle (Figure 4.6¢). The magic angle is
45° in the case of 2D plane. Such negative fluorescence anisotropy has been
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observed in many systems,” ' such as a three-dimensional m-conjugation

molecular nanotube, a dimer of yellow fluorescent protein (YFP), phosphole oxide-
based dyes in nematic liquid crystals, and J-aggregates. Surprisingly, our SFA
model can also be applied in such complicated systems and expected to get € > 1.

iv) The absorption polarization property can also affect energy funneling efficiency
and has a relation ¢ = 1 — M, (Figure 4.6e). If the absorption of the molecule is
isotropic, € is equal to 1. Otherwise, ¢ is equal to 0.

v) In Figure 4.6 d and f, we can say there is no energy transfer between molecules
(inter-molecular ET), but the energy transfer within a molecule (intra-molecular ET)
is very efficient. This means neither r nor € can distinguish between inter- and intra-
molecular ET.

vi) In paper IV, we present € and r of the conjugated polymer pristine film studied
in Paper I. The film possesses an inhomogeneous structure in terms of chain
orientation. The variation in r is much greater than €. It means ¢ is virtually
insensitive to the degree of local alignment and gives images of energy transfer
efficiency clearly from orientation artifacts. The related simulation results have also
been calculated in previous work. 3
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Figure 4.6. (a) present the relation between r and & for 1000 random oriented molecules (same excitation and
emission TDMs) on a 2D plane (b). (c) shows analytical solution (dashed line) and simulated results (solid line)
of the B-r (green) and B-€ (red) dependence. (d) B it the difference between the orientation of absorption and
emission TDMs. (e) shows the Mex-r and Mex-€ dependence. (f) Mex is the absorption polarization. Mex = 1 means

fully polarized absorber. Mex = 0 means isotropic absorber.
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5. We found a crucial limitation of the SFA model. SFA model does not work for
multi-systems possessing completely different absorption polarization and energy
funneling efficiency, even if all the systems share the same funnel.

The above results help us to understand more about 2D portrait and the SFA model.
The development of the model increases the model's utility. The knowledge will
allow us to have an insightful understanding of the experimental data in the future.
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Chapter 5 Conclusions and future
work

5.1 Summary of the novelties in the thesis

Paper I, II and IV show that the two-dimensional polarization measurement,
together with the SFA model, is a powerful tool to study the energy transfer process
in semiconductor materials (e.g., conjugated polymers and perovskite nanocrystals)
and in a biological sample (protein aggregation). 2D POLIM can be applied to bulk
material (Paper I, IV) or single-molecule study (Paper II). In paper III, we did
systematic learning of our single funnel approximation (SFA) model by doing a
series of computer experiments. This work allows us to have more understanding of
our model and energy funneling efficiency «.

In paper 1, we proposed that partial photodegradation of conjugated polymer (CP)
films can help reveal the internal organization of the material. We also found that
H-aggregation formation in the spin-cast film results in poor energy transfer
efficiency between CP chains.

In paper II, we found that even irregular-shaped aggregates can have extreme
excitation polarization. Such intense polarization cannot be explained by the well-
known theory — dielectric screening effect. We propose that the non-linear
dependence of PL intensity on the excitation power typical for semiconductors can
be partially responsible for the observed high polarization.

In paper III, we found the extension of the SFA model (applied on multi-funnel
systems) and developed an asymmetric three-dipole model. We broke the limit of €
(0, 1) and realized that € goes beyond one when f3 is larger than the magic angle.

In paper IV, we showed that 2D POLIM and energy funneling efficiency € can also
be used as a low-cost fluorescence method to distinguish between non-aggregated
and aggregated forms of a-synuclein.
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5.2 Future work

5.2.1 Quantitative phase-contrast imaging

The ability of our home-built 2D POLIM setup can be further enhanced by adding
quantitative phase-contrast imaging (2D POLIM+). The setup structure is shown in
Figure 5.1 right column. A polarizer is added to the fluorescence-based 2D POLIM,
installed on the light path of a white light source used for light transmission imaging.
A high-precision motorized stage should rotate this polarizer. So we can send
linearly polarized white light of desired polarization orientation to the sample. Due
to the local birefringence or/and anisotropic absorption, the polarization state of the
transmitted light will be changed. This change will be quantitatively recorded by
rotating the analyzer installed in front of the camera. Using bandpass filters, we can
measure birefringence in the desired spectral range and distinguish it from a
selective anisotropic absorption. The whole measurement can be automated using a
home-built Labview software.

Combining the fluorescence-based polarization contrasts with the light transmission
polarization contrasts will allow us to quantitatively characterized anisotropy of
biological systems at two fundamentally different levels simultaneously: 1)
molecular structures labeled by the dyes at the nanoscale and ii) cellular structures
label-free at the micro-scale.

Two regimes of the 2DPOLIM+ setup:

2D fluorescence polarization imaging | Phase contrast quantitative imaging

I White module
I light source to build
: Polarizer > Controlled
| Condenser 0 rotation
Sample /\ : Sample 4 k
Objective lens Objective lens
1 Y Fluorescence |
Dichroic I
Laser] O WA mirror :
Excitation Rotating | Rotating
controller polarisation | pol::rllsatur)n
(\/2 plate) | analyse

o | 4

Figure 5.1 fluorescence-based 2D POLIM (left column) and enhanced phase contrast 2D POLIM+ (right column).
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5.2.2 Time-resolved two-dimensional polarization imaging

Combining 2D POLIM and TCSPC, one can measure time-resolved polarization
imaging. This is another exciting direction for the further development of 2D
POLIM. The scheme of the setup is shown in Figure 5.2. A series of polarization
portraits will be obtained on the scale of molecules lifetime, and this will allow us
to observe the evolution of the excitation energy transfer (EET) process and the
change of chain conformation during the lifetime. For this measurement, the
samples need to be photo-stable, and the EET process is slower than the time
resolution of the setup.
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JUUL
N

illi

Sample stage

Objective

Specimen
Berek Excitation
compensator filter
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Dichroic mirror
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controller
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Wide field
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*— Emission filter
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Figure 5.2 Scheme of time-resolved 2D POLIM setup.
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Appendix

Calculate anisotropy for dipoles randomly oriented in 2D plane.

Absorption

I ‘/'-— ——— B Emission
x ¢ =

B
x ‘f' Absorption
> e
Molecules randomly Emission
oriented on a 2D 0
plane. >

Figure A1. One dipole orients at angle ¢. The angle between its absorption and emission transition dipole
moments is B.

To measure the anisotropy of an isotropic sample, we use linearly polarized light to
excite the sample and measure the fluorescence intensity parallel I and
perpendicular I, to the direction of excitation electric field E. First, we consider the
electric field interacts with one dipole oriented on angle ¢, as shown in Figure Al.
In order to keep the symmetry of the geometry same as in the real situation, we
assume the emission transition dipole moment can be rotated either to the left (+)
or to the right (-). So we have emission intensity:

Iy = sin?@ sin?(@ — B) + sin®@ sin®(¢ + B) (A.1)
I, = sin?@ sin?(@ — B) + sin?@ sin?(¢@ + B) (A.2)

To calculate the anisotropy of an ensemble sample, we need to integrate the angle
¢ from 0 to 2w and calculate the average value, so we get:

<L+, >=<2sin*p >=1 (A.3)
1
< Iy — I, >=< 2sin*¢ cos2¢ cos2p >= EcosZ,B (A.4)

The polarization P can be calculated by:
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_SheL> 1 s
St s 20 (4.5)

And anisotropy r = 2P/(3-P), so:
_ cos2f
~ 3—0.5c0s2f8

The above equations calculate the anisotropy of an ensemble sample on a 2D plane.
The maximum value of r is 0.4 when the absorption and emission transition dipole
moment are overlapped (B = 0°). r is equal to 0 if p = 45° (magic-angle in the case
of 2D). And the minimum value of r = -2/7 when 3 = 90°.

r (A.6)
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