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Chapter 1

Introduction

1.1 Motivation

A source of single-photons, which emits individual photons at periodic intervals, is a key
component for a vast range of applications using quantum technologies like quantum informa-
tion, photonics, sensing, and so on [1-5]. Therefore, single-photon sources have become a hot
subject for many different fields of research. Single-photon sources are generally considered as
the whole complex of a single-photon emitter and supporting components required to serve for
extracting single-photons in a determined direction. There have been recent papers reviewing
on the single-photon emitters [1,6], extracting single-photons emitted in optical cavities [7], light

coupling to nanoantennas [8] and metrology of single-photon sources and detectors [1,9,10].

Single-photon emitters could be designed and fabricated from highly luminescent semicon-
ductor in the nano-sized structures; while extracting photons in a determined direction requires
nanophotonics to enhance light-matter interactions. Among them, one can mention (i) resonant
microcavities, in which a nanoemitter is embedded [7,11]; (ii) waveguides [12,13], or (iii) optical
nanoantennas [14-16]. The physical properties, the potential applications and the recent devel-
opments in the field of nanoantennas have been reviewed in details by Lukas Novotny and Niek
van Hulst [17]. The concept of optical antennas are emerging rapidly in modern physical optics.
They are a counterpart working in visible regime of conventional radio wave and microwave
antennas. They convert the optical radiation from free space into localized energy, and vice
versa [17]. Therefore, they are able to manipulate and control the field at the sub-wavelength
scale which could not be achieved normally due to the diffraction limit. Researchers find them

very promising in order to enhance the performance and efficiency of photonic/plasmonic de-
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1.1 Motivation

vices. However, as optical wavelengths are at nanometer scale, the characteristic dimensions of
an antenna working at optical frequencies are also in the nanometer range. Thanks to the in-
creasingly important developments in nanoscience and nanotechnology, some optical antennas
has been explored recently [14,16-19]. As a nanoantenna has a vectorial field distribution, the
coupling of the light emitted from a nanoemitter and the nanoantenna requires the overlap of
the dipole of the emitter with the nanoantenna field. Therefore, a facile/reproducible technique
to determine the orientation of the emitting dipole of a nanoemitter should be developed in

order to maximize the coupling strength.

Different from the conventional antenna, feeding energy into an optical antenna can be
done either from the far field [20] or from the near field by a local emitter [19,21]. The
latter offers the possibility of exciting a nanostructure at expected wavelength and position.
Nano-sized emitters have already been utilized as light sources in a wide broad of applications
such as optoelectronic devices [22,23] or biosensors [24,25]. Especially, the ability to tune
the band-gap energies together with significant absorption cross sections and high photolu-
minescence quantum yields of semiconductor nanoemitter like quantum dots, nanoplatelets,
and nanowires/nanorods make these nanostructures promising candidates for next generation

photonic/plasmonic devices.

As mentioned above, the efficient coupling between nanoemitters and nanophotonic struc-
tures for achieving high directivity and fast dynamics needs the control and optimization of the
emission properties including spectral range and dipolar orientation. In the case of nanoemitters
embedded in optical cavities and nanoantennas, the spectral tuning of the emitter is necessary
to get efficient coupling of the light emitted to the nanostructures’ modes. Spatial positioning
of the nanoemitter at the location having maximum intensity of the resonant nanostructure
mode and a proper orientation of the nanoemitter’s dipole with respect to the mode field of the
structures are also crucial requirements. The two first conditions, spectral and spatial match-
ing have been addressed by several strategies. In plasmonics, since resonances are spectrally
broad, it is easy to achieve the matching. Although positioning of nanoemitters can be now
successfully performed (for example by the in-situ optical lithography [16,26]), the emitting
dipolar orientation of an nanoemitter remains a challenge. Therefore, determining the dipolar
orientation becomes a very important topic to make the coupling between nanoemitter and
optical microcavity or antennas efficient. In other words, the determination of the orientation
of the emitting dipole from a nanoemitter plays a great role in the fields of the single-photon

sources.

In our team, we have started building a polarimetric method for determining the dipolar
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CHAPTER 1. INTRODUCTION

orientation of a point source by analyzing its emission polarization and polarization anisotropy
distribution [27]. We have also developed an analytical model to interpret the data in a range
of possible experimental conditions. This polarimetric method gives accurate results, how-
ever, they are ambiguous as there are several dipolar situations which could lead to the same
polarimetric data. In order to clarify the interpretations, we have improved the method by
introducing a complementary emission pattern measurement. Particularly, the polarimetric
method combining the emission polarization characterization and emission pattern imaging is
applicable for all kinds of nanoemitters with high accuracy. This study is dedicated to both the
numerical and experimental optimization for the setup. Since our aim is the orientation deter-
mination of an emitting dipole, the simulations and experiments are simultaneously discussed

in each related chapter.

Our method determining the orientation of a nanoemitter with its properly electrical dipole
will be applied for nanoplatelets made from highly luminescent semiconductor. Nanoplatelets
have been grown from a wide variety of materials, but those made from semiconductors, which
act as two-dimensional quantum wells, give very promising optical properties [28]. Recently,
I1-VI nanoplatelets such as CdSe or CdS have been investigated widely because of their high

luminescence quantum yield [28-31].

In our case, we did our study on CdSe/CdS core/shell structure. These CdSe/CdS
core/shell nanoplatelets are atomically-flat, few monolayers-thick nanostructures consisting of
a thin crystalline slabs of the CdSe core sandwiched between two CdS shell layers. As the
thickness of the nanoplatelets is much smaller than the exciton Bohr radius, while the lateral
dimensions are much larger, they can be considered as an atomic system with high spatial con-
finement in a single dimension. Similar to CdSe/CdS quantum dots, CdSe/CdS nanoplatelets’
emission can cover almost all the visible spectrum by changing their thickness [32]. Addition-
ally, the core/shell structure is very helpful for improving the optical properties of this light
source. Last but not least, their two dimensional structure holds such an interesting character-
istic: when distributed on a planar surface, most of them stay by their faces stably, which will

induce an orientation of the emitting dipole.

1.2 Thesis structure

This thesis is organized in 6 chapters. We firstly introduce in Chapter 1 the motivation,
main objectives, experimental methods, samples, and organization of the thesis. The main

subject of the thesis is to complete an effective and accurate polarimetric method to determine
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1.2 Thesis structure

the orientation of a nanoemitter’s dipole and its dimensionality from its emission.

The theoretical basis and the experimental setup for emission polarimetric determina-
tion are presented respectively in Chapter 2. Then, we discuss in the following chapters the
techniques and the procedures involved in the polarimetric experiments: emission polarization
characterization (Chapter 3) and emission pattern imaging (Chapter 4). In order to optimize
the setup, all the optical elements have been numerically and experimentally analyzed. Details
of systems’ organization and critical modifications are then studied properly with schematics of
each setup improvement step. Lastly, we elaborate the experimental setup for emission polari-
metric measurements and emission pattern imagings. We also address newly developed theories

necessary for understanding and interpreting the experimental results.

Chapter 5 starts with literature reviews on the colloidal semiconductor nanoplatelets. We
apply the experimental setup developed and described in Chapter 3 and Chapter 4 for the
polarimetric measurements of the light emission by individual CdSe/CdS nanoplatelets. Each
nanoplatelet is imaged by a microscope, then its emission is measured by avalanche photodi-
odes whereas its angular emission pattern is directly captured. This combination of the two
experimental methods enables us to determine the dipolar dimensionality and orientation with
high accuracy. In the final sections of Chapter 5, a geometry-dependent study of the emission
polarization and emission pattern is investigated, confirming the physical interpretations made

in the previous sections.

Our conclusions are given in the last chapter.
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Chapter 2

Microscopy setup for polarimetric

determination measurements

Introduction

Fluorescence microscopy has been widely used in many areas of scientific research to
observe and characterize microscopic sized specimens that are not observable with the unaided
human eye. However, it is always desirable to have the possibility to conduct more sensitive
analysis on the optical properties of single particles. A confocal strategy has its advantages in

this area.

The idea of confocal microscopy was first created by Marvin Minsky in the early 1950s
[33]. By utilizing a pinhole in front of the detector to select a single plane of the sample, it
would ideally minimize the unwanted effects from the surroundings and the fluorescing sample
carriers (glass/metal plates). Thus the strategy can potentially improve the signal to noise
ratio in single emission studies. The use of the laser together with a high numerical aperture
objective enabled us to illuminate a very small spot on the specimen and detect the light
coming only from the illuminated spot. The availability of sensitive single photon detectors,
for example, an avalanche photodiode, helped confocal microscopy to detect very weak light
emission. Therefore, fluorescence confocal microscopy is now being employed in many optical

researchs, especially the single-molecule fields [34-37].

The efficient coupling of a single photoluminescent nanoemitter to photonic or plasmonic
structures plays a very important role in the function of the next generation devices, such

as nanoantennas [16,38,39]. It has been long suggested that the orientation of the emitting
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2.1 Determining the orientation of an emitting dipole

dipole has a strong effect on its coupling to the local environment, especially in photonic
studies [16,38,40-42]. Numerous theoretical and experimental studies have been conducted in
order to deterministically couple nanoemitters to photonic nanostructures. Several researching
groups have already published on spatial positioning of an emitter [16,43,44] and spectral tuning
of its emission to cavity modes [45,46]. However, up to now the deterministic control of the
orientation of an emitting dipole within a nanostructure is still a challenging task. Determining
the dipolar orientation of the photoluminescent emitter is a requirement in plasmonics and
dielectric cavities since, for example, in the case of surface plasmon polariton (SPP) excitation,
the dipole has to be perpendicular to the surface. Thanks to the orientation determination, we

could select well oriented dipoles to achieve the good plasmonic/photonic devices.

A method has been developed in our group to determine the three-dimensional orienta-
tion of an emitting dipole by analysing its emission’s polarization together with its emission
pattern. We also provide an analytical model that can be used to interpret the data in a wide
range of realistic experimental conditions, including a very typical case in plasmonics when
the nanoemitters lie on a gold film, a situation for which the more popular defocused imaging
could not provide reliable information for some kinds of emitters such as those described by

two dimensional dipoles.

In this chapter, a brief theoretical review will be given on the polarimetric determination of
an emitting dipole. We first introduce the dimensionality of a single emitting dipole. After the
effects of the dipolar orientation and the sample environment on the polarization state of the
collected emission are explained, we present the theoretical basis to interprete the polarimetric
results in order to extract the information about the dipolar orientation. We also consider
the systemetic errors resulting from the polarization effects of the realistic eperimental setup.
Finally, the experimental microscopy setup is designed and constructed to accomplish the men-
tioned subject and newly studied theories needed in order to characterize the polarization effects

of the setup are discussed.

2.1 Determining the orientation of an emitting dipole

The determination of an emitting dipole can be accomplished by several different methods.
Some authors have considered the defocused [47,48] or aberrated [49] fluorescence image of the
emitters. Although these techniques are quite conveniently applied in the experiments, their
precision requires high quality emitters and highly sensitive CCD camera. Moreover, it could

only give reliable informations in the case when the emission diagram of the emitter dipole is
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CHAPTER 2. MICROSCOPY SETUP FOR POLARIMETRIC
DETERMINATION MEASUREMENTS

strongly dependent on its orientation.

Other methods including ours are based on the polarization of the emission [50-52]. We will
start by summarizing the important definitions employed in building our model for determining
the orientation of an emitting dipole by analyzing the detected emission polarization. Then the

influence of the imperfect polarizing components of the realistic measurement setup is discussed.

2.1.1 The dimensionality of a single emitting dipole

a Z b z
) L )
® Dipole orientation
v (Dark axis)
- >y y
® " 2D dipole
1D dipole
X X

FIGURFE 2.1: Schematic of a dipole orientation with in-plane angle ® with respect to x axis of
the setup and off-axis angle © with respect to z axis of the setup for (a) one dimensional dipole
and (b) two dimensional dipole.

One of the most important properties for many recent fields of studies especially in plas-
monics or photonics is the photoluminescence of a single nanoemitter coupled to a nanostructure
which mainly depends on the orientation of its emitting dipole with respect to the structure.
The determination of the orientation of the emitting dipole therefore becomes very crucial to

further advance the technology for more efficient coupling.

The photoluminescence from a single nanoemitter could be modeled as an electric dipole
since the charges oscillate in certain directions. The simplest case is a linear orientation,
corresponding to the case when the charges oscillate along a well defined axis. It is also called
an one dimensional (1D) dipole [41,53]. As an example, the dot-in-rod (spherical core with an
elongated rod-like shell) nanocrystal is experimentally proven to be an one dimensional emitting

dipole [54-57].

However, in many other cases, the emission originates from a twofold degenerated emit-
ting energy level [50,58,59]. It could be described as an incoherent sum of two orthogonal
linear dipoles, referring to the charge oscillations in a specific plane. Therefore, it is named a

two dimensional (2D) dipole. For instance, some molecules such as benzene have orthogonal
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2.1 Determining the orientation of an emitting dipole

emitting dipoles thanks to their group symmetry [60]. That behavior has also been reported
for single nitrogen-vacancy centers in nanodiamond [61], or colloidal CdSe/ZnS quantum dots
at both low [50] and room temperature [58,59]. The degeneration of the energy structure is
believed to relate to the spin of the charges, and the polarization are known to be o+ and o—.
In the case of room temperature, at the excitation energy above the emitting transition energy,
these two transitions are incoherent. Therefore, we could describe the emitting dipole as a sum
of two orthogonal linear dipoles. The knowledge of the dipolar one or two dimensionality of
a nanoemitter is thus important to provide information on the energy level structure of the

emitters, which is crucial for determining the orientation of the emitting dipole.

Figure 2.1 illustrates the one and two dimensional dipoles with their dipolar orientation
respectively. The orientation of an one dimensional dipole corresponds to the orientation of its
dipolar axis as shown in Figure 2.1(a); whereas in the case of a two dimensional dipole, the
dipolar orientation is defined along its dark axis, a vector perpendicular to the plane formed
by two component linear dipoles (Figure 2.1(b)). The orientation of the dipole is described by
the polar angle © (with respect to z axis of the reference system where © = 0 for the case that
the dipole is normal to the sample plane) and the azimuthal angle ® (with respect to x axis of

the reference system) in the spherical coordinates.

2.1.2 Role of the dipolar orientation on the detected emission po-

larization

We consider a single photoluminescent emitter in homogenous media. It is well known
that the orientation of the emitting dipole is directly encoded in the angular distribution of the

emitted light which is so called the emission pattern.

In free space, the emission pattern of a linear dipole is characterized by a sin? # distribution
where 6 is the angle between the dipolar axis and the direction of propagation/observation.
For one dimensional dipole, in an homogeneous dielectric infinite environment, the emission is
symmetrically distributed about the axis of the dipole, as shown in Figure 2.2(a). It should
be noted that there is no radiation along this dipolar axis (referring to § = 0). ¢, is a unit
vector in the direction of propagation/observation, which is described as (6, ¢) in the spherical
coordinates centered by the dipolar axis. The created electric field E is along the component

vector €, which is perpendicular to the direction of propagation.

Figure 2.2(b) illustrates two extreme cases of a vertical and horizontal dipole, respectively.

Since the electric field collected by the objective can be in any directions within the limit
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CHAPTER 2. MICROSCOPY SETUP FOR POLARIMETRIC
DETERMINATION MEASUREMENTS

b)

a vertical dipole a horizontal dipole

objective objective

FIGURE 2.2: (a) Emission diagrams of one dimensional dipole in homogeneous media with 6 is
the angle between the reference axis z and the direction of propagation/observation €, (in blue),
referring to the electrical field aligned along the unit vector €y (in green). (b) Schematics of 2
extreme cases when the dipole is vertical and horizontal, respectively. The collected emission by
the objective in the case of the vertical dipole is not polarized whereas it reachs mazimum for
the horizontal case.

imposed by its numerical aperture for an emitting dipole oriented along z axis (a vertical one),
the total detected light is not polarized. On the other hand, if the dipole is perpendicular to the
z axis, the direction of the collected vectors ey just varies slightly in the considering zone of the
emission diagram. Then the electrical field will be mainly along a certain direction, resulting
in a maximum polarization. Therefore, by analyzing the polarization of the detected emission,

we could determine the orientation of the emitting dipole.

2.1.3 Determination of the dipolar orientation by polarimetric mea-

surements

Theoretical modelling of our study can be derived by considering an individual emitter in
a three dimensional coordinate system. The z axis is along the direction of propagation whereas
the x and y axis correspond to the proper axes of the microscope as illustrated in Figure 2.3(b).
These calculations are developed in the thesis of Clotilde Lethiec [27,52,62], based on the works
done by Lukosz [63,64]. Figure 2.3(a) describes in the zyz reference coordinates, the emitting
dipole d which is oriented with an out-plane angle © relative to the z axis (the polar angle)
and an in-plane ® relative to the x axis (the azimuthal angle) while the propagation vector is
defined by a polar angle 6 and an azimuthal angle ¢. The setup is presented in Figure 2.3(b),
consisting of a 450 nm excitation laser. The emission of the dipole is collected by a microscope’s
objective and then analyzed by a linear polarizer which is rotated around the z reference axis

with an in-plane rotation angle 5.
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2.1 Determining the orientation of an emitting dipole

b) c)

a) z
- X Caseal
d y
Objective
® N Z  Laser @450 nm
k . .
) Dichroic FF510
O : Polarizer
/é%
X

Intensity (a.u.)

%

FIGURE 2.3: (a) Schematic of an emitting dipole d with in-plane angle ® and out-plane angle ©
and the propagation vector k with in-plane angle ¢ and out-plane angle 6. (b) Schematic of the
simulated measurement: the emitter is excited by a 450 nm laser and its emission is collected by
an objective; while the polarizer is turned around the z axis (the propagation direction) with an
angle of B, the intensity data are recored by an APD. (c¢) An example of the obtained polarimetric
curve: The dependence of detected intensity as a function of the polarization analysis angle 3.

While the polarizer is continuously rotated with an angle of 3, the photoluminescence
intensity corresponding to different polarization directions is measured by an avalanche photo-
diode (APD). The recorded intensity oscillates between a minimum value (/,,,;,,) and a maximum

value (Inaz), as observed in Figure 2.3(c).

The normalized curve obtaind by the transmission APD is then fitted by the function
[52,62]:
1(B) = Lin + (Imaz — Imin) cos*(®' — ) (2.1)

In the case of an one dimensional dipole, ® = &, the detected intensity is maximum when
the axis of the polarizer is aligned with the axis of the dipole in the sample’s plane (8 = ®).
For a two dimensional dipole, as ' = ® 4+ 7/2, when f is equal to ® the detected intensity
is minimum, implying that the dipole’s plane is perpendicular to the axis of the polarizer.
Therefore, we could estimate the azimuthal angle ® of the emitting dipole from the phase of

the detected polarimetric curve.

The degree of the linear polarization is defined as:

I — Li
5 Q) — mazx min 29
( ) [max + ]mzn ( )

with 6 = 1 for a completely linearly polarized light.

When the dipole is in the vicinity of an optical interface, its emission polarization is
modified [64]. Therefore, the degree of polarization measured from the experiment depends on

the dimensionality of the dipole, but also on other parameters: the polar angle © (between the
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dipolar orientation and the optical axis of the objective), the objective’s numerical aperture

NA, and the experimental interface configuration between the sample and the objective, as

well.
® (i) (iii) (iv) ™)
1’11
oil objective oil objective air objective air objective oil objective

FIGURE 2.4: Schematic of the five cases corresponding to different experimental configurations
between the sample and the objective, numbered from (i) to (v) with d being the distance from an
emitter to the medium interface, ny denoting the index of the medium containing the emitter,
and no for the index of the other medium.

There are five relevant experimental single interface sample-objective configurations which
are possibly performed in the microscope, as presented in Figure 2.4. For all situations, we
use np for the index of the medium containing the emitter and ny for the index of the other
medium. Therefore, if the objective is an oil immersion one with the refractive index of 1.5, we

consider three following cases:

(i) emitters are in an homogeneous medium of n;

e (ii) ny = 1.5 and ny > ny: emitters are deposited on a planar substrate of index n; and
covered by a polymer layer with a thickness d of the same index while the upper medium

has the index n9

e (v) ng = 1.5 and ny > ny: emitters are in the medium of index n; (as deposited at a
distance d (with d tending towards 0) from a planar surface without the covering layer),

observed by an oil objective of index no
Similarly, in the case of an air objective with the index of 1, there are 2 different cases:

e (iii) ny = 1 and ny > ny: emitters are at a distance d (with d tending towards 0) from a

substrate with an index n, without any protecting layer

e (iv) ng = 1 and n; > ny: emitters are on a planar substrate with a polymer protecting

layer of index n,
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2.1 Determining the orientation of an emitting dipole

For one dimensional dipole, we have [52,62]:

C'sin?(©)
= 2.
%10(6) (2A — 2B + C)sin%(0) + 2B (2:3)
and in the case of two dimensional dipole:
Csin?(©
20(6) = o (2.4

(2B —2A - (C)sin?(©) + 4A +2C

where A, B, C could be calculated from the numerical aperture of the objective and the
refractive index, depending on the medium in which the emitter is embedded and the interface
configuration between the sample and the objective. Therefore, from the detected intensity

I(B), knowing the dimensionality of the dipole, the polar angle © could be extracted.

For example, if we consider the case of an emitter in a semi-infinite dielectric medium of
index 1.5, at 50 nm from a semi-infinite medium of gold when its emission is collected by an oil
immersion objective with the numerical aperture of 1.4 (configuration case (ii)), the relationship
between the degree of polarization ¢ and the polar angle © for each dipolar dimensionality is a
bijective function, as illustrated in Figure 2.5. It means the knowledge of ¢ (calculated from the
detected intensity) would give information on the dipolar orientation ©. In the case when the
dipolar orientation along the z direction (© = 0), refer to a vertical one dimensional dipole or
a horizontal two dimensional dipole, the emission is fully unpolarized (§ = 0), as expected due
to the symmetry of the system. When the polar angle © is larger, the degree of polarization
0 increases, refering to more polarized emission. Then in the 8ase of ® = 90°, ¢ reachs its

for an one dimensional dipole and ——————— for a two dimensional

maximum of AT 2B C

C
2A+C
one, which is theoretically given for a certain situation.

Moreover, for an one dimensional dipole, in the experimental configuration described in
Figure 2.5(a), if the dipole is orientated at © = 90°, the degree of polarization ¢ can reach
nearly 100% while ¢ of the emission from a two dimensional dipole maximizes around 80%. The
emission from two incoherent dipoles is always less polarized than the one from a single linear
dipole for the same dipolar orientation. For both cases, since we collect the signals from each
the possible directions within the objective’s numerical aperture, the maximum polarization

achievable for the whole beam can never reach 100%.

In conclusion, thanks to the polarimetric measurements, if the dipolar dimensionality is
known, we could extract the polar angle © and the azimuthal angle ® of the emitting dipole

from the detected intensity curves, leading to the determination of the dipolar orientation.
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FIGURE 2.5: (a) Schematic of the experimental configuration corresponding to interface case
(7i): an individual emitter sandwiched between a 50 nm SiOy covered gold substrate and a 50
nm PMMA layer, observed by an oil objective with NA = 1.4. (b) The corresponding calculated
relation between the degree of polarisation § and the dipolar orientation (the polar angle © ).

2.1.4 Effect of a phase retardation induced by the setup’s optical

elements

Our above theoretical modelling has been developed under ideal conditions without con-
sidering any additional polarization effects which may be introduced by the optical elements
of the measurement setup. However, the non-ideal nature of a realistic experimental setup
definitely affects its accuracy for characterizing the polarization state of the transmitted light.
For instance, due to the birefringence of the setup, the outgoing polarization has been shifted

by a phase retardation @ compared to the incident one.

As discussed before in Figure 2.3(b), in the reference coordinates with z axis along the
direction of propagation whereas the x and y axes correspond to the proper axes of the micro-
scope, the polarization orientation of an emitting dipole is determined by the azimuthal angle
® with respect to x axis and the polar angle © with respect to z axis. When the polarizer is
rotated in the z — y plane by an angle 3, our model (which does not consider any polarizing
effect induced by optical elements) gives a value of the ’so-called’ actual azimuthal angle ® = .
Therefore, the measured value ®,,., which is extracted from the experimental data obtained
by the realistic measurement setup having a phase retardation of ¢ will be different from the
actual value ® which corresponds to the dipolar orientation. We can prove (see Appendix) that

the actual azimuthal angle ® of the dipole is related to the measured value ®,,., by :

tan2®,,.s
tan2® = e Zmes (2.5)
cosY
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2.1 Determining the orientation of an emitting dipole

It is mentioned above that there is a theoretical relationship between the degree of polar-
ization § and the dipole’s polar angle ©. Therefore, we could extract the polar angle © from 4,
as described in Figure 2.5(b). We also define d,,.s as the degree of polarization measured from
the experiments by the realistic setup with a retardation of ¢. It is related to §(0), the actual
degree of polarization of the emission from the dipole (the actual value we would obtain with

a setup without any retardation effect), by the following equation :

cos2P
Omes = 0(0)———— 2.6
( )COSQCI)m@S (2:6)
cos2P ) . .
We define a factor M = ————— as a correction factor corresponding to the ratio between
coS2P,,,cs

the measured values and the actual values. When M = 1, the measured value is exactly the

actual value describing the polarization state of the dipole.
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FIGURFE 2.6: The dependence of the factor M on the measured azimuthal angle ®,,.s when the
phase retardation v is (a) 55° and (b) 8°.

Figure 2.6(a) shows the influence of the setup’s phase retardation ¢ on the factor M.
When the phase shift between two orthogonal components of the beam transmitted through
the setup is ¢ = 55°, the factor M evolves between 1 and 0.7. M gets maximum (M = 1) when
the measured azimuthal angle ®,,,.s = r1 90° with r; € Z, corresponding to the x or y proper
polarization direction. It means that the retardation induced by the birefringent elements of
the setup has no effect on the resulting phase determination. In this case, ®,,., = ® and
Omes = 0. Moreover, M reachs its minimum at 0.7 when ®,,., = 45° + r; 90°, referring the
analyzer’s axis is along the 45° linear polarization directions. For this dipolar orientation ®,,.,

the phase retardation introduced by the setup has the maximum impact on the measured data.

It should be noted that when the setup has no dephasing (1) = 0), ®,,es = ® and 0,5 = 0.

22



CHAPTER 2. MICROSCOPY SETUP FOR POLARIMETRIC

DETERMINATION MEASUREMENTS

a) b)
1 ‘ ‘ — 1 ‘
05| 1D D =00 09| 2D
mes d =0°
08 f 08 mes
07l [ 07t
I " =450 I
0.6 —~ = 0.6
5 CI)mes 45 o -
mes 05 | mes o5 | -
04 04 f
= 450
03 03 q)mes 1
0.2 0.2
0.1 1 0.1 ~
O L L L L L L L 0 = L L L L L L
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16

®(rad) ®(rad)

FIGURE 2.7: The values of dpmes as a function of the angle © for an one dimensional dipole
(a) or a two dimensional dipole (b), calculated in the reflection configuration (the emitter is at
a distance of 50nm to the gold-PMMA interface, oil objective with NA = 1.4) in two extreme
cases when the setup introduces a phase retardation of 1) = 55°.

We then plotted in Figure 2.7 the correspondence between the measured degree of polarization
Omes measured by the setup with ¢ = 55° and the polar angle © of the emitting dipole in
two extreme cases of the ®,,., = 45° ( factor M is at its minimum of 0.7, red lines) and
D05 = 0° (factor M reaches its maximum M = 1, blue lines) for an one dimensional and a
two dimensional dipole. When ®,,,., = 0°, the measured degree of polarization d,,.s is equal to
the actual value § which is obtained when there is no setup’s retardation (M = 1). This is not
a surprise since the state of polarization is not influenced by any retardation effect as long as

the linear direction of the dipole is along the x or y proper axis.

On the contrary, when ®,,.; = 45°, the effect of the setup’s retardation is maximum,
leading to the biggest difference between the measured value 6,,.s and the actual value ¢ (with-
out considering the phase retardation induced by the setup). The change in polarization state
caused by the phase retardation becomes more important when the dipolar orientation is close
to the sample’s plane (© = 7/2). Therefore, in order to avoid as much as possible post-
correction of the data (recalculation of §(©) and ® from d,,.s and ®,,.,), the phase retardation

of the setup 1 has to be characterized and minimized.

2.2 Polarimetric determination measurement

This section addresses our experimental design for measuring the polarization of the emis-

sion from an individual emitter. Firstly, we construct the initial proposed microscopy setup
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2.2 Polarimetric determination measurement

based on the simulated experimental schematic as presented in Figure 2.3(b). Since it is proved
in the subsection 2.1.4 that the polarization effect of the setup plays an important role in
interpreting the polarimetric data, we develop the theoretical and practical procedures to char-

acterize our measurement setup in term of polarization.

2.2.1 Basic experimental setup for measuring emission polarization

Objective
z
Laser @450 rim
. @ Dichioic FF510
. Filter 630/97 s |
y ! '

i <———>Tube lens

X Polarizer Pinhole
L
U
B

Microscope

FIGURFE 2.8: Schematic configuration of the proposed setup for emission polarization measure-
ment. An individual emitter is excited and its emission is collected by a microscope. Polar-
ization measurement is performed by rotating a linear polarizing analyzer made of a halfwave
plate (\/2) and a polarizing beamsplitter cube (PBS). Noted that the z axis is always oriented
in the direction of propagation and the vectors normal to the dichroic and prism interfaces in
the x — z plane are fixed at 45° with respect to the z direction thanks to the microscope. The
mirror and the cube are also aligned to have their normal vectors in their planes of incidence
at 45° to the z direction.

We propose an experimental setup in order to realize the emission polarization measure-
ment, schematized in Figure 2.8. The blue laser (the wavelength of 450 nm, pulse mode with
a duration of 80 ps) is injected into a standard inverted microscope (Olympus IX71). After
reflecting on a dichroic beamsplitter, the light is focused by a 100x objective. Since the typical
wavelength of the emission for the emitters concerned in this thesis lies from 630 to 640 nm, the

dichroic FF510-Di01 (@Semrock) is chosen to efficiently separate the laser and the emission.

The sample holder is mounted on a nanometer precision piezoelectric scanner that trans-
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lates the sample in the focal plane (x, y). The emitters are excited by the laser, then the
photoluminescent light is collected by the same objective. A bandpass filter with center wave-
length at 630 nm and the bandwidth of 92 nm (@Semrock) which rejects the laser by 7 orders
of magnitude is inserted right after the dichroic beamsplitter in order to remove most of the

remaining laser beam.

After reflecting on the prism inside the microscope, the emitting light is focused on a
150 pum pinhole (placed at the image plane of the microscope) in order to spatially filter the
background noise. It is then recollimated by a lens, passing through a halfwave plate (\/2),
and finally separated into 2 parts with orthogonal polarization directions by a polarizing beam
splitter cube (PBS). Each part is focused and captured on a respective single photo counting
avalanche photodiode (APD).

The rotating halfwave plate together with the polarizing beam splitter cube actually acts
like a linear polarizer whose direction could be controlled. When the halfwave plate is turned
by an angle of w, it corresponds to turning the polarizer by an angle § = 2w. The electric
field E of the linear polarized light is thus rotated by an angle which is two times of the angle

between its polarization direction and the fast axis of the halfwave plate.

Using a rotable halfwave plate and a beam splitter cube instead of a linear polarizer will
enable us to obtain two different detection parts to perform the antibunching measurement as
well. Moreover, it also offers us the possibility to normalize the obtained intensity. We will
analyze the data recorded by the transmssion APD (APD 1) since the polarizing beamsplitter

cube transmits only horizontal component of the light. These& dz)mta are normalized by the total
]1 w

- L(w) + L(w)

noises due to the fluctuations of the total intensity (blinking). The polarization measurement

intensity collected by both photodiode I,,5rm, (@) , so we could reduce the

of the photoluminescence from the sample will be accomplished by analyzing the normalized

intensity I,orm, (@) when turning the halfwave plate.

2.2.2 Representation of polarization by Jones matrix formalism

Although light is composed of oscillating electric and magnetic fields, by convention, the
polarization of light refers to the polarization of the electric field. An optical element can
modify the polarization state of the transmitted light by changing the amplitude or the phase
of the components of the electric vector E [65,66].

There are two types of polarization materials [67,68]. In both types, we define two main
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2.2 Polarimetric determination measurement

axes so that when a linearly polarized light propagates along one of these axes, its polarization
state is not modified. The first type is the diattenuating element, so called a diattenuator of
which the intensity transmittance of the exiting beam is different for both proper directions,
therefore, the output’s intensity depends on the polarization orientation of an incident beam
[69]. The other one is the dephasing element or also called a retarder which introduces a
differential phase shift between the two polarization components of a light wave, thereby altering

its polarization state [70].

In our proposed experimental setup, there are a dichroic beamsplitter (a diattenuator and
a dephaser) and a prism (a retarder) which may introduce some polarization effects (amplitude
or phase change) to the transmitted light. Therefore, it is necessary to characterize the setup
in term of the polarization of transmission. We will use the Jones matrix formalism, a helpful

means to mathematically decribe the light’s polarization state.

Similar to the Stokes polarization parameters and the Mueller matrix formalism, Jones
formalism is a complete and quantitative technique not only for representing the light’s polar-
ization state but for calculating the effects of optical elements that modify polarization of the

incident light, as well. It was developed by R. Clark Jones in the 1940s [65,66].

In Jones formalism, the polarization state of light is given by a 2 x 1 Jones vector and the
linear operation of a polarization element is described using a 2 x 2 Jones matrix. The effect of
a system consisting of many elements will be represented by the product of the Jones matrix

for each element [71-78|.

Moreover, the Jones matrix formalism is applicable to the field which includes the phase
and the amplitude. As it quantifies the phase change of the electric field components, the
Jones formalism can be used to analyze the interference. On the other hand, the Stokes
parameters/Mueller formalism determine the beam’s intensity. In the case when the beam
rapidly and randomly changes in phase (an incoherent beam), the physic is usually described
by the intensity, therefore, the Stokes parameters and Mueller formalism are chosen. For
coherent beams which require the information of the phase relationship, the Jones formalism

is more suitable.

2.2.2.1 The Jones vector

Although light is composed of oscillating electric and magnetic fields, the traditional ap-
proach to study the polarized light is considering the polarization of the electric field. Therefore,
R. C. Jones started by representing light propagating along the z direction in terms of the x
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and y components of the electric fields [71,72]. The plane-wave components of the field can be
written as:

E,(z,t) = Egpe!@t=h=+s) (2.7)
B, (2,t) = Ey,e'@=F=+o) (2.8)

where Fy,,0, and Ey,,d, denote the amplitudes and phases of the x and y components, re-
spectively, of the electric vector E in the plane transverse to the propagation direction of the

light.

These both components are oscillating in time with the same frequency but the amplitudes
and phases may differ. Therefore, the propagator wt — kz could be deduced, then the equations
2.7 and 2.8 are rewritten as:

E,(z,t) = Ep.e® (2.9)

E,(2,t) = Ep,e™ (2.10)
These two equations 2.9 and 2.10 can be arranged in a column matrix E with

E, Eyye7
E = = (2.11)

1)
Ey EoyeZ v

This vector is known as a Jones vector [79]. Since the state of polarization is fully deter-
mined by the relative amplitudes and phases, the Jones vector is a complete description of a
general elliptical polarization state of the light. In Equation 2.11, the maximum amplitudes
Ey, and Ey, are real and positive numbers. The presence of the exponent with imaginary

arguments causes F, and £, to be complex quantities.

However, it is not necessary to know the exact amplitudes and phases of the Jones vector
components. Normalizing the Jones vectors helps simplify the calculus. For example, the
following vectors involve different expressions but they are all describing the same polarization

state.

EOz €i6x eiél‘ 1
— — (2.12)
Eo, et iy oi(0y—02)

It should be noted that a complex vector is said to be normalized when the product of the
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vector with its complex conjugate yields a value of unity:

E*E=E,E,+E/E, = Ej, +Ej, = Ej =1 (2.13)

For example, the linear horizontally polarized light refers to £, = 0 so Equation 2.11

becomes:

E[)azei(sz
Ey = (2.14)
0

From the normalization condition expressed in Equation 2.13, we have E2, = 1. Then, the
part €+ can be suppressed as it is unimodular, the normalized Jones vector for linear horizontal

polarization state could be represented as:

Ey = (2.15)

The normalized Jones vector describing the linear vertical polarization state is similarly

found since E, = 0 and Ef, = 1 so that:

Ey = (2.16)

When the electric field is oriented at a 45° angle with respect to the basic states, we have

E, = E, so 2E¢, = 1 and normalized Jones vector for this state is written as:

1 1
Eyg0 = — 2.17
450 \/5 ] ( )

Thus, in general, the normalized Jones vector representing a beam linearly polarized at

an angle « from the horizontal axis is given by:

cosa
E, = (2.18)
sina

Two other typical polarization states are right-circular and left-circular. In both cases, the
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two x and y components have equal amplitudes but in the case of right circularly polarized light,
the phase of the y component leads the z component by 90° (6, — d,, = 90°) and conservely for
left circularly polarized light (6, —d, = —90°). Therefore, we have the normalized representation

for right circular polarization as:

Epi = — (2.19)

and for left circular polarization:

(2.20)

2.2.2.2 The Jones matrix

Jones formalism describes the change of light’s polarization state after passing through a
polarization element. Let us consider a beam of light with a given polarization state described
by the Jones vector E, as in Equation 2.11, incident on an optical element. The light will
interact with the element, then the new polarization state of the light emerging from the

element will be presented as:

(2.21)

Assuming that the components of the output light are linearly related to ones of the input,

we have:

E,=aE, +bE, (2.22)
E,=cE,+dE, (2.23)
where a, b, ¢, d are the transforming factors.

These two equations 2.22 and 2.23 can be rewritten in matrix form as:

F =JF (2.24)
where
a b
J = (2.25)
c d

It is called the Jones matrix of an optical element [79]. Any polarization element can be
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represented by its corresponding Jones matrix and vice versa.

It is possible to get a single 2 x 2 Jones matrix representing the whole system of many
elements by matrix multiplication. If light passes through cascaded optical elements, for exam-
ple, M1 then M2, we will multiply each element’s Jones matrix in the reversed order to yield a
total Jones matrix of the system:

Jtot = Jmz2 I (2.26)

The effect of an optical element on the polarization could be analyzed in term of either the
amplitudes or the relative phases separately. The element modifying the amplitudes is called a

diattenuator and the element changing the relative phase is called a retarder.

The Jones matrix of a diattenuator is given by:

t, 0
Jp = (2.27)
0 t,

where T, = ¢, and T, = t,? is the intensity transmittance of the s and p component of the
incident light. The s and p designations are related to the plane of incidence of the element. It
is the plane defined by the propagation vector of the incoming light and the normal vector of
the surface. The component of the electric field parallel to this plane is termed p-like while the
component perpendicular to this plane is called s-like. Therefore, the polarized light with its
electric field in the plane of incidence is known as p-polarized, while light whose electric field

is normal to the plane of incidence is known as s-polarized [79].

The values of t; and ¢, parameter depend on the considered dichroic element and describe
a wide range of situations. For example, when ¢, # 0 and ¢, = 0 or vice versa: the element only
lets one component of the incident light transmit and completely absorbs the other component,
implying that the investigated element behaves as a linear polarizer. For example, the following
is the Jones matrices representing two typical ideal polarizers: for a polarizer with horizontal

transmission axis

1 0
(2.28)
00
for a polarizer with vertical transmission axis
00
(2.29)
01
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In the case of t; = t,, the incoming light has been absorbed in an isotropic way, so that there

is no diattenuating effect.

Another element in the traditional formalism is a retarder which introduces a phase differ-
ence between two orthogonal components of the electric vector. Its corresponding Jones matrix

can be written as: ”
k3

5
e

0
Jp = C (2.30)

where 1) is the unknown phase retardation generated by the element between the two compo-
nents E; and E),. It should be noted that the s and p designations is specifically related to the
element itself. If the incident light is polarized along the proper axes of the element (s or p
direction), we observe no retardation in phase. When the electric field is, instead, oriented at
angle of 45° to the proper axes of the element, the field components have the same amplitude

(Es = E,) and the element introduces the maximum retardation.

Therefore, when building the setup, it is necessary to fix the element in order to let
the proper axes of the element correspond to the x and y reference axis of the whole setup.
Especially, the dichroic and the mirror need to be put in order to have their normal vector
in their incident planes oriented at 45° to the direction of propagation. Then we have the
Jones matrix for the entire set-up with the phase retardation ¢ and the intensity transmittance
T, =t,* and T, = t,* along x and y reference axis respectively :

¥

ts€ 0
J1 — —itp (231)

2.2.2.3 The Jones matrices of rotating elements

The proper axes of a polarization element are not always oriented along the x and y
reference dimensions. In order to take into account any angular position the element can

assume during the experiment, we need the rotation transformation:

o= J(=5) T J(B) (2.32)
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where J(/3) is the rotation matrix :

J(53) = cosfp sinf (2.33)

—sinf  cosf

with 0 denoting the angle between the the proper axis of the element and the x axis of the

setup.

The Jones metrix for an ideal polarizer oriented along the x axis of the setup J with the

10
0 0

intensity transmittance Tp, = t%,; is given by Jp = tpy

Carrying out the matrix multiplication in Equation 2.32, we find that the Jones matrix

representing a linear polarizer rotated by § and its intensity transmittance Tp,; is shown to be:

cos’3 sinBcosf
Ja2(B) = J(=B) Ip J(B) = tpa (2.34)
sinfBcosfB  sin*f

The Jones matrix for a retarder has been defined in Equation 2.30, we will rewrite here

with ¢ is the retardation between the field components :

0
Jr(p) = iy (2.35)
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FIGURFE 2.9: The retardation of a waveplate as a function of the wavelength, taken from the
specification data of Thorlab homepage for (a) a quarterwave plate AQWPO05M-600 and (b) a
halfwave plate AHWPO05M-600 [80].
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Figure 2.9 presents the retardation of manufactured waveplates: a quarterwave plate
AQWP05M-600 and a halfwave plate AHWP05M-600 [80]. These plates are broadband ones
so that for a large spectral range (400nm < A < 800nm), their retardation remains respectively
close to 1 and 5 To achieve these specifications, the manufacturer has to compensate the
dispersion of the materials. As the compensation is not perfect, the retardation is close to
the target value but not strictly equal to it (£0.05)). In the followings, we will discuss these

non-ideal quarterwave plate and halfwave plate.

We assume that at the considered emission’s wavelength the retardation of the quarterwave
T
plate is @y/4 = 2¢), n=3 + 2¢). With the rotation transformation by Equation 2.32, we find
the Jones matrix for a non-ideal quarterwave retarder rotated by v from the x reference axis
is:

Irja(prsa,v) = J(=v) Jr(paa) J(v)
cospl\ jq + 1 sing, , cos2v i sing), ;, sin2v (2.36)

i $ing), /4 Sin2v o8P\ 4 — 1 Sing) ;4 COS2V

Similarly, we reduce the Jones matrix of a non-ideal halfwave plate rotated by w from
the z axis with the retardation )/, = 2¢) /o = ™+ 27 at the wavelength of our emission
by multiplying the Jones matrix of a retarder (Equation 2.35) by the rotation transformation
(Equation 2.32):

S (y, @) = J(=@) Jr(@ap2) J (@)
—siny + i cosy cos2w i cos7y sin2w (2.37)

1 cosYy stn2w —SiN7Yy — 1 COS7Y OS2

2.2.3 Analysis of the setup polarimetric responses

2.2.3.1 The calibration setup

The intensity of a light beam is obtained by carrying out the matrix multiplication between

the complex transpose of the Jones vector and the Jones vector itself:

I=E*E=E,E, +E,E, (2.38)

Therefore, we could use a power meter as a means to extract the Jones vector of the light.
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We can simplify the calibrating measurement as schematized in Figure 2.10. The objective has
been removed and the red laser (A ~630nm) was sent through the microscope, mimicking the
emission of the nanostructures in its propagating path which passes through the objective’s

pupil and the pinhole.

Beam expander

Eq \\/Iirror
Laser @630 nm X

y
Polarizer P1 __)
z ; y
x . :
y Dichroic FF510 ;
[ Power meter ] :
| Filter 630/92
Polarizer P2 )ﬂ AP T}lbe lens
Pinhole | ;
. ‘ Prisrin
Mirror ; :

z Microscope
i y
X

FIGURFE 2.10: Schematic configuration of calibrating experiment for the emission polarization
measurement setup. The red laser is sent through a beam expander in order to imitate the
emission beam after the objective. The polarization of the light is analyzed by rotating a linear
polarizer P2 followed by a power meter. Noted that the z axis is always oriented in the direction
of propagation and the vectors perpendicular to the dichroic and prism interfaces in the x — z
plane are fixed at 45° to the z direction thanks to the microscope. The mirror is aligned to have
its normal vectors in their planes of incidence at 45° to the z direction as well.

The polarization direction of the incoming light was controlled by a rotating polarization
film (P1). We note down the angles indicated on rotating mounts corresponding to the situation
when the polarization proper axis of the film is along the x and y reference axis of the entire
setup (as illustrated in Figure 2.10). The z axis of the setup is always along the direction of

propagation.

The objective is removed in order to keep a collimated beam all along the propagating

path. After being reflected on the mirror, the laser followed the propagating way of the typical
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emission light, through the dichroic, the filter, the tube lens, the prism, the lens, the mirror,
and was finally detected by the power meter. The second polarization film (P2) was also
fixed on the rotating mount with marked proper axes. This polarization film was employed as
the polarization analyzer for the transmitted light. Experiment is performed by rotating the

analyzer P2 around the axis of propagation of the probe light (z axis).

Thanks to the polarizer P1, we could set the input light to be linearly polarized along the
x and y direction. The output light showed the same linear polarization state: the transmitted
light is extincted if the polarizer P1 and analyzer P2 are crossed. It confirms that the x and y
axes of the setup correspond to the proper axes of all the elements of the setup (the = and y

polarization directions correspond to s or p directions for each elements).

2.2.3.2 Determination of the transmittance and the dephasing

It is of particular interest to restrict to the case where the incident beam is linearly
polarized at an arbitrary angle. This could be done by rotating the axis of the linear polarizer
P1 through the angle of a with respect to the x axis of the setup: when o = 0 the incident
polarization is along x axis of the setup. Its Jones vector is already presented in Equation 2.18

as

cosx
E, =
st

Thus, we have the intensity of the input signal (taken after the polarizer P1) as
]0 = Ea*Ea

The light emerging from the setup will be analyzed by the polarizer P2. We define J; as
the Jones matrix of the microscope, corresponding to the propagation path starting from the
dichroic FF510 and finishing after the prism. Thus, the total Jones matrix of the whole system
is the product of the Jones matrix for the microscope J; (Equation 2.31) and the Jones matrix

of the analyzer P2 rotated by f from the x axis Jo(/) (Equation 2.34). It is readily found as
J = Jy(B)J,

The Jones vector of the beam coming out from the polarization analyzer P2 in the exper-

iment shown in Figure 2.10 is then expressed by :
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2.2 Polarimetric determination measurement

i —iy
2 2 . . 2
cosa cos”ftye” +sinasinf cosft,e
E' = JE,=tp, B — (2.39)

sina sinf cosfs tee’ +sina sin*Bt,e
where ¢y, = \/Tpy with Tpy denoting the intensity transmittance of the analyzer P2.

From Equation 2.39, we derive the intensity of the beam emerging from the setup and

analyzed by a linear polarizer with the transmittance Tp,; as:

1
I'= E"E' = I)Tpy(cos’a cos’ B 12 + sin’a sin® 1) + §tztysm2a sin2f3 cosi) (2.40)

which depends on the rotating angle « of the first polarizer P1 and ( of the analyzer P2. We
notice that when they take specific values of 0°, 90°, and 45°, the intensity of the transmitted

light holds as shown in 4 following cases:

o Case 1) @ = =0° When P1 and P2 proper axes are along x direction, the normalized
I/

value of the intensity of the detected light I] over the incident light Iy; is [—1 =Tpy T,
1

with T}, denoting the transmittance of the setup for the light polarized along x reference

direction so that

1 I
ty =/ T, = W 2.41
tror V lo1 ( )

o Case 2) a = =90° When P1 and P2 proper axes are along y direction, similarly, the
!

normalized value of the intensity of the output I} over input Iys is 1—2 = Tpo T, with T,
02
denoting the transmittance of the setup for the light polarized along y reference axis and

1 |1
t, = /T, = -2 2.42
Y Y tpo \ To ( )

o Case 3) @ = 8 = 45°: When P1 and P2 proper axes are along 45° with respect to the

x direction, the normalized value of the intensity of the transmitted light I} over the

incident light 3 is

I 1 1 1
== =Tpy (5t 2+t + = |t || ¢
103 Pl(4 + 4 Yy + 2 ‘ H Yy | COS’I/})

o Case 4) a = 45° and 8 = 135°: When P1 and P2 proper axes are along 45° and 135°
with respect to the x direction respectively, the normalized value of the intensity of the

detected light I} over the incident light Iy3 as
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I] 1 1 1
A =Tpg(=t 2+t — = |t || t
.[03 Pl(4 +4 Y 2 | H y|005w>

which yields:
I — 1) = Tpolos |t || ty | cosy

Then we can calculate the phase retardation v introduced by the setup as:

I, — I,

I 1!
Toan | =L/ =2
O\ 11\ I

On the other hand, we can characterize the diattenuating behavior of the setup by compar-

costp = (2.43)

ing the values of the transmittance T, = t,? (from Equation 2.41) and T, = t,* from Equation
2.42) as well.

Hence, by measuring the intensity of the input Iy, and the output I/ with a = 1,2,3,4
when the polarizer P1 and the analyzer P2 are put at particular angles, it is possible to obtain
the effect that the setup has performed on the given polarization state of the input light. The
advantage of this calibrating method is that it is independent of the intensity of the laser source.

In addition, the precision rotating mounts make these measurements more accurate.

Conclusion

In this chapter, we have introduced basic informations on the role of polarimetric determi-
nation of an emitting dipole in plasmonic/photonic studies. Understand the dipolar orientation
is a key factor for further achievements in fabrication of next generation devices with much ef-

ficient coupling between the emitter and the nanostructures.

A brief theoretical information of the polarimetric determination of an emitting dipole
is reviewed. Our developed model uses the polarization of the collected photoluminescence
to quantify the polar and azimuthal angles of the given dipole in the relative configuration
with the microscopy substrate, corresponding to the dipolar orientation. The second part
addresses our experimental setup in order to perform emission polarization measurement. The
principle and the initial proposed experiment are introduced. Then, we present the details of
the characterization modelling and analyzing procedures to study the polarization effect of the

micsocopy setup. In the next chapter, we will apply these procedures to fully characterize the
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2.2 Polarimetric determination measurement

realistic setup from analyzing parts to dectecting ones in order to build up a measurement

setup with the smallest uncertainity.
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Chapter 3

Emission polarization measurement

and analysis

Introduction

Several researches have been published on the determination of an emitting dipole by
analysing the emission polarization. For example, in her PhD study at INSP [27], C. Lethiec
has proven that the dipolar nature of a nano-emitter (its 1D or 2D dimensionality) can be
determined by the experimental study on the polarization anisotropy distribution of a statistical
collection of several hundreds of individual emitters randomly oriented. Knowing its dipolar
dimensionality, the dipolar orientation can be deduced from its photoluminescence’s degree of

polarization [62].

However, this statistical method is effective only in the situation when the nanoemitters
have random orientations on the substrate’s surface, so that the polarization anisotropy dis-
tribution contains all orientation information. It is possibly applied for spherical nanoemitters
such as CdSe/CdS core/shell quantum dots [52]. On the other hand, for some new nanostruc-
tures such as dot-in-rods or nanoplatelets, the polarization anisotropy distribution is difficult

to achieve since the emitters can not be deposited with random orientations [62].

Here, we have recently improved her method to determine an individual dipole by com-
bining the emission polarization measurement and the emission pattern imaging. It should be
noted that the emitter’s optical environment near to the planar interface is taken into account.
This polarimetric determination measurement can give information on the dipolar dimension-

ality and the dipolar orientation for each single nanoemitter. Moreover, it avoids the statistical
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3.1 Polarimetric characterization of the experimental setup

study of the sample as required in the previously mentioned method.

The subject of this chapter is the emision polarization measurement. We start by charac-
terizing how the microscopy setup modifies the polarization state of the incident emission. In
order to limit any polarization change of the experiments, some improvements are performed
in the measurement setup. We also consider two possible ways of detection in the realistic
experimental setup. Finally, we will conclude on the specifications of the developments we have
done in our microscopy setup and on its accuracy in determining the orientation of a given

dipole.

3.1 Polarimetric characterization of the experimental setup

The polarization state of the beam transmitted through the experimental setup is deter-
mined by the amplitude ratio and the phase difference between two orthogonal components of
electric vector. Thus, we will analyze the polarization effect of the setup in term of diattenuation

(amplitude change) and retardation (phase change) respectively.

3.1.1 Diattenuation characterization

3.1.1.1 Determination of the diattenuation by the setup

We perform the calibrating measurement as schematized in Figure 2.10 with different
laser intensity. The results are shown in Table 3.1. The transmittance T, and T, for the light
polarized along = and y reference axes are calculated from Equation 2.41 and 2.42. A difference

of 8 — 9% between the transmittance T, and T}, is the diattenuation due to the setup.

EXp. No. IOl ]02 I{ Ié Tx Ty Ta: — Ty

219.8 1324 197.1 107.3 89.7% 81% 8.7%
2 262.2 157.2 2359 1289 90% 82% 8%
240.7 145 215 1176 89.3% 81.1% 8.2%

Table 3.1: The results of the calibrating measurement for diattenuation characterization per-
fomed by the initial proposed setup schematized in Figure 2.10. All the intensity are in pW
units.

In order to find the main factor introducing the diattenuating effect(as presented in Table
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3.1) in the setup, we perform a side calibrating measurement for the dichroic used in the setup.
Figure 3.1 illustrates the experiment for characterizing our dichroic beamsplitter FF510-Di01.
The dichroic is fixed on a rotation mount so that we can vary the incident angle 5’ by turning
the mount. It should be noted that the uncertainty of the rotation mount is +0.5°. Two
rotatable polarizer P1 and P2 with marked proper axes are placed before and after the dichroic

in order to polarize the input and then select the polarization component of the output.

Polarizer P1 Polarizer P2

Laser @ 630 nm I

Dichroic FF510-Di01

FIGURE 3.1: Schematic of diattenuation measurement of our dichroic beamsplitter FF510-
Di01 (@Semrock) characterizing the relation of the transmittance for s and p polarized light of
this dichroic and the incident angle 3.

The transmittance of an optical element is defined as the fraction of the incident light that
is transmitted through the element, so that the transmittance along the s and p direction of

the dichroic FF510-Di01 is given respectively by:

]’S
T, = —12 3.1
Tpolpy (3:1)

IP
T, = 12 3.2
p TPZIjgl ( )

where I}, and I}, are obtained by a power meter placed right after the polarizer P1 and the
analyzer P2, respectively, when both their transmission axes are along the s direction, while
I%, and I%, are taken similarly when these axes parallel to the p direction with the maximum

transmittance of the polarizing analyser P2 being Tpy = 0.95.

Figure 3.2(a) depicts the experimental values of the transmittance along the s and p
direction of the dichroic beamsplitter employed in our setup obtained by the measurements as
described in Figure 3.1. The difference between the transmittance 7, and T is about 6% when
the incident angle is about 45°. On the other hand, it is known from the specification data [81]
that the dichroic beamsplitter FF510-Di01 employed in our setup has its natural diattenuation
depending on the incident angle, as observed in Figure 3.2(b). When the incident angle varies
from 40° to 50°, the diattenuation changes. When the light is incident on the dichroic at an
angle of 45°, the difference between the transmittance 7, and T} is about 6%, confirming the

experimental conclusion.
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3.1 Polarimetric characterization of the experimental setup

a) Experimental data b) Specification data
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FIGURE 3.2: (a) The dependence on the incident angle 3 of the transmittance for s and p
polarized light of the dichroic beamsplitter FF510-Di01: (a) obtained by Equation 3.1 and 3.2
from the experiment schematized in Figure 3.1 with the mount's uncertainty (£0.5°) and (b)
taken from the specification data from Semrock [81].

It should be noted here that the s and p polarizations are in relation to the plane of
incidence of the dichroic beamsplitter. In our experimental setup, thanks to the microscope,
the dichroic is fixed with its s and p directions corresponding to the y and x directions of
the setup, respectively. In the specifications provided by Thorlab company, the diattenuation

(T, —T}) of the dichroic is quite close to the value of (T}, —T}) measured in our proposed setup.

Since we did not obtain any considerable diattenuation effect in other optical elements of
our setup as we found in the dichroic, the diattenuating effect of the setup mainly results from

the nature of dichroic beamsplitter.

3.1.1.2 Balancing the diattenuation

To completely compensate this diattenuation effect, another dichroic beamsplitter with the
same characteristics was inserted on the propagating way perpendicularly with respect to the
first dichroic beamsplitter (which is permanently fixed inside the cube turret of the microscope).
Let us consider the light with the component of along x reference direction, illustrated by a

black arrow and y reference direction illustrated by a green arrow respectively in Figure 3.3.

As the plane of incidence of the first dichroic D1 is the plane normal to its surface along
the direction of propagation (z axis), the x component of the incident beam would appear to
be in this plane, so it is p polarized for the dichroic D1. Due to the orthogonal setting of 2

dichroic beamsplitters, their planes of incidence are also perpendicular to each other. Since the
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FIGURE 3.3: Schematic of the orthogonal setting of 2 identical dichroics in our setup. The
component of the light along x axis (the black arrow) is p polarized with respect to the first
dichroic D1 but it would be s polarized with respect to the additional dichroic D2.

beam reflects on the prism, the x component of the incident beam appearing as p polarization
with respect to the first dichroic D1 will be orthogonal to the plane of the incidence of the
additional dichroic D2, corresponding to the s polarization with respect to the dichroic D2 as
described in Figure 3.3. Similarly, the y component of the beam is s polarized for the dichroic
D1 but p polarized for the dichroic D2. Therefore, the difference of transmission between s and
p polarized component of a beam will be nullified when it propagates through both dichroic

beamsplitters.

The diattenuation eliminated setup is schematized in Figure 3.4. The adding dichroic
beamsplitter D2 is also FF510-Di01 from Semrock. This additional dichroic D2 is fixed on a
rotation mount which is capable of turning around the x reference axis. As seen in Figure 3.5,
the s and p polarizing directions of the dichroic D2 correspond to the x and y reference axes
and its plane of incidence is the (y-z) plane. By rotating the mount, we can change the incident
angle Bp,.

We perform the calibrating measurement in the setup depicted in Figure 3.4 with different
values of (7, by using linearly polarized beam along z and y direction, and calculate the
transmittance along reference axes T, and T, of the setup by Equation 2.41 and 2.42. The
results are presented in Figure 3.6. It should be noted that nearly no light is transmitted (only
tens of nW) in all the investigated situations when the transmission axes of the polarizer P1 and
the analyzer P2 are placed orthogonally, indicating that the proper axes of all optical elements

in our setup are along the x and y reference directions.
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Beam expander

Eq &V{irror X
Laser @630 nm y
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FIGURE 3.4: Schematic configuration of the emission polarization measurement setup with
diattenuation elimination by adding the second dichroic beamsplitter. Noted that the z axis is
always oriented along the direction of propagation and the vectors normal to the dichroic D1 and
prism interfaces in the (x — z) plane are fized at 45° to the z direction thanks to the microscope.

Laser

FIGURE 3.5: Schematic of the additional dichroic D2 in our setup.
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65
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FIGURFE 3.6: The transmittance along x and y reference azes of the diattenuation eliminated

setup schematized in Figure 3.4 when increasing the incident angle 51, of the additional dichroic
D2.

In Figure 3.6, the transmittance of the whole system along the reference axes T, ~ T, ~
0.6 for the incident angle of the additional dichroic D2 of 45°, indicating that there is no
diattenuating effect in our setup anymore. Therefore, the second dichroic beamsplitter D2 will
be fixed in order to have the angle of 45° between its normal vector and the z direction in the

(y-z) plane of the reference axes to remove the diattenuation caused by the first dichroic D1.

3.1.2 Retardation characterization

3.1.2.1 Determination of the dephasing of the experimental setup

After fixing the additional dichroic D2 position, we reperform the calibrating measurement
with the diattenuation eliminated setup depicted in Figure 3.4 to characterize the retardation
induced by the setup with different polarization state and intensity of the excition laser. The
results are presented in Table 3.2. The first experiment (ex1) and the second one (ex2) are with
same lasing polarization but different lasing intensity. Then we change the lasing polarization
then repeat for the third (ex3) and the forth (ex4). By rotating the axis of the linear polarizer
P1 through the angle of a with respect to the z axis of the setup (o = 0 when the incident
polarization is along x reference axis), we measure the intensity of the beam entering the setup
by the power meter inserted right after the polarizer P1: Iy, with a = 1,2,3 as when the
polarizer P1 are put at a = 0,90°,45° respectively. Similarly, the intensity of the output
I! with a = 1,2,3,4 are obtained by the power meter followed the polarizer P2 when § =
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3.1 Polarimetric characterization of the experimental setup

0,90°,45°,135°. In all the experiments, it is confirmed that there is no diattenuating effect as
T, =~ T,. Thanks to Equation 2.43 the phase retardation 1) between the s and p polarization is

estimated approximately 55°:

EXp. No. IOl ]02 ]03 ]{ ]é Ié L/l Tx Ty @ZJ

ex1 1250 96.8 407 685 529 163.5 30.6 58% 57% 54.8°
ex2 4830 139 2030 2940 55.3 850 131.2 60% 61% 51.3°
ex3 1932 858 2584 1211 548 120 264 62% 63% 55.1°
ex4 2250 1040 299 1410 651 133.8 355 62% 62% 58.4°

Table 3.2: The results of the calibrating measurement for diattenuation and retardation char-
acterization perfomed by the diattenuation eliminated setup schematized in Figure 3.4 with
different polarization states of laser (exl/ex2 and ex3/ex}) and differnet lasing intensity (exl
and ex?2; ex3 and exj). All the intensity are in uW units.

3.1.2.2 Determination of the dephasing of prism

Beam expander

Eq V/[irror X
Laser @630 nm ry

Polarizer P1 ——) z

_________________

, Filtr 630/92

y 1 —

<——>"L;“ube lens
B .

™ [ ]
[ Power meter | I l ‘

Polarizer P2
Microscope

FIGURFE 3.7: Schematic configuration of the side measurement for characterizing the retarda-
tion effect of the prism inside the microscope. Noted that the z axis is always oriented along
the direction of propagation and the vectors normal prism interfaces in the x — z plane are fized
at 45° to the z direction thanks to the microscope.

As the prism of the microscope is normally considered as a retarder, we will characterize
its retardation first. We make a small checking measurement for only the prism inside the

microscope, as pictured in Figure 3.7. The obtained results are listed in Table 3.3. It is to be
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«a 5 Ipy Ipy

0° 0° | 4900 | 3170

0° | 90° | 4900 | 12
90° | 0° |146.5 | 1.5
90° | 90° | 146.5 | 96
45° | 45° | 2040 | 1016
45° | 135° | 2040 | 188

Table 3.3: The results of the side checking measurement for retardation characterization per-
fomed by the setup illustrated in Figure 3.7. All the intensity are in uW units.

recalled that o and S are the angle to the x reference direction of the transmission axis of the
polarizer P1 and the analyzer P2 respectively. When the analyzer P2 axis is at 90° and the
polarizer P1 one is along x axis, the light is eliminated. It ensures that the vector normal to
the prism interface lies in the  — z reference plane and the s and p polarization directions of
the prism are also along the y and x reference axes. If the polarizers P1 and P2 are turned to
a = 45° and f = 135°, a small amount of the transmission light remains, resulting from the

dephasing of the prism.

Carrying out the calculation in Equation 2.41, 2.42, and 2.43, we have the transmission
of the microscope with only the prism along x and y direction T, ~ T, ~ 0.65 and the phase
retardation 1 /& 52°, close to the value obtained for the setup including the compensating two
dichroics. Therefore, with our setup alignment, the retardation effect may mainly result from

the prism inside the microscope.

3.1.2.3 Reducing the dephasing

Since the diattenuation effect of the setup has been eliminated by the additional dichroic
beamsplitter, with the same idea, we will insert in the propagating way an other prism with

the same retardation turned by 90° in respect to the first prism, as illustrated in Figure 3.8.

As the plane of incidence of the first prism Pm1 is the plane perpendicular to its surface
containing the propagation vector (along z reference axis), the x component of the incident beam
is in this plane, refering to p polarization. The additional prism Pm2 is inserted perpendicularly
to the first prism Pml so that their planes of incidence are also perpendicular to each other.
The p polarized component with respect to the first Pm1 will correspond to the s polarized one

with respect to the additional prism Pm2 as illustrated in Figure 3.8. In a similar way, the y

47



3.1 Polarimetric characterization of the experimental setup

Prism Pm2

FIGURE 3.8: Schematic of the orthognal setting of 2 prisms in our setup. The component of
the light along = axis (the black arrow) is p polarized one with respect to the first prism Pml
but s polarized with respect to the additional prism Pm2.

component of the beam is s polarized for the prism Pm1 while it is considered as p polarized for
the prism Pm2. Therefore, when light passes through both prisms, both orthogonal components

are phase shifted in the same way, so the retardation between them would remain the same.

The retardation eliminated setup is presented in Figure 3.9. With this improvement, when
we perform the calibrating measurement, we get the new phase retardation ¢ down to 5° — 8°,

which is acceptable in the experimental accuracy limit.

When the phase retardation of the setup reduces to be 8°, the corresponding theoretical
dependence of the degree of polarization § on the polar angle © of the emitting dipole in two
extreme cases: when ®,,., = 45° (minimum M = 0.97, red lines) and ®,,.; = 0° (maximum M
= 1, blue lines) for a one dimensional and two dimensional dipole is represented in Figure 3.10.
As discussed in subsection 2.1.4, the measured azimuthal angle ®,,,., is extracted directly from

the phase of the sinusoidal curve. It is related to the actual orientation ® of the dipole by:
cosptan2® = tan2®,,.,

The degree of polarization measured from the contrast of the sinusoidal curve 9,,.s is related
to the actual value §(©) (obtained when 1 = 0, which corresponds to the orientation of the
dipole) by the following relationship:

cos2d
082D,

Omes = 0(O)
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FIGURE 3.9: Schematic configuration of the emission polarization measurement setup with
diattenuation elimination by adding the second dichroic beamsplitter and retardation elimination
by replacing the mirror by an additional prism. The detailed orthogonal arrangement of the
dichroics and prisms is presented in Figure 3.8. Noted that the z axis is always oriented in the
direction of propagation.
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FIGURE 3.10: The setup's phase retardation 1 = 8°: Theoretical values of § as a function of the
angle © for a one dimensional dipole (a) or a two dimensional dipole (b) in two extreme cases
when factor M are mazimum (Ppes = 21 90°) and minimum (®,,es = 45° + 21 90°) respectively,
calculated in the reflection configuration (the emitter is at a distance of 50 nm to the gold-PMMA
interface, oil objective with NA = 1.4
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It should be reminded that when ®,,c5 = 0°, 6,05 = 0(0). From Figure 3.10, we have with the
setup’s dephasing ¢ = 8°, the difference between 6,,.s and 6(0) when ®,,., = 45° is just 3%.
Since ®,,., = 45° is the case for which the difference is the biggest, we can conlcude that the
difference between our measured values and the actual values is just less than 3%,

which is acceptable.

3.2 Realistic experimental setup including the detection

part

In the experimental emission polarization measurement setup, we would like to perform
the antibunching measurement as well. Therefore, we utilize the combination of a rotating
halfwave plate and a polarizing beam splitter cube instead of a rotating polarizer. The new
calibrating setup is displayed in Figure 3.11. Using two photodiodes namely AP1 and APD2
makes it possible to normalize obtained intensity so that the fluctuations of the photolumines-

cent intensity are removed.

3.2.1 The Jones matrix of the setup with two ways of detection

In order to check if the use of a halfwave plate and a polarizing cube instead of a polarizer
affects the polarimetric measurement, we turn our attention to compare the Jones matrix of
each detecting way. The polarization of the light entering the setup is controlled by a set of
the polarizer P1 followed by the quarterwave plate, both of which are rotatable around the z

axis (the direction of propagation), as described in Figure 3.11.

To be simple, we would fix the quarterwave plate to be at 45° with respect to x direction
of the reference axes. Thus, when the beam incident on the quarterwave plate is also polarized
along the 45° linear polarization direction with respect to x axis (by rotating the polarizer P1
to a = 45°), the axis of polarizer P1 is parallel with the axis of the quarterwave plate, so that
the input of the setup (after the quarterwave plate) is linearly polarized. On the other hand,
when the axis of the polarizer P1 is set along the x direction, the transmitting polarized light
incident on the quarterwave plate has its polarization at 45° with respect to proper axes of the
quarterwave plate. It is transformed into a circularly polarized light after the quarterwave plate,

then entering the microscope. From Equation 2.36, we have the Jones matrix representing the
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Beam expander X
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FIGURFE 3.11: Schematic configuration of the emission polarization measurement setup with
diattenuation and retardation corrections. The polarization analysis is performed by a combi-
nation of a rotating halfwave plate \/2 and a polarizing beam splitter cube (PBS). Noted that
the z azis is always oriented in the direction of propagation.
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3.2 Realistic experimental setup including the detection part

quarterwave plate with its fast axis at v = 45° from the x axis as

/ S on /
COSPyq  1SINY) 1y

Iasapays, 45°) = (3.3)

isingl,  cospl
where @y /4 = 2\ /4= g + 29 with ¥ = 0 when the quarterwave plate is ideal.

We compare two detection ways as follows:

o When analyzing the output by a polarization analyzer P2 rotated by § with respect to
the x reference axis and its intensity transmittance of Tp, = 0.8, we can simplify the

Jones sequence representing each part of the setup to a total Jones matrix by :

Iy = Jo(B) J1 T aja(pra, 45°) (3.4)

where the Jones matrix of the analyzer P2 Jy(3) is given by Equation 2.34, the Jones
matrix of the setup J is given by Equation 2.31 with T, =~ T}, ~ 0.6 and ¢ = 8°, and the
Jones matrix of the 45° turned quaterwave plate J,4(¢x/4,45°) is given by Equation 3.3
with ¢y, = 0.567 taken from its specification sheet by Thorlab [80].

Carrying out the matrix multiplication in Equation 3.4 yields the Jones matrix of the

whole system :

JIZ =Tpa T,

i —iy i —iy
2 2

. . . 2 . . . 2
cos®3 cosply e +isinf3 cosf sing) e i cos® B sing ¢ ” +sinf cosf cospl e

—ip
.. . 2 .
i sin’f sing)y e © +sinfi cosf cosgl e

—itp
sin®f cospl e * +isinBcosf sing e
(3.5)

w‘g

o When we analyze the transmitted beam by a halfwave plate rotated by w, which intro-
duces a phase retardation of ¢y, = 2¢) jo =T+ 2y (v = 0 for the ideal quarterwave

plate) at the wavelength of emission (630 — 650nm), and a polarizing beamsplitter cube

toub
with the corresponding Jones matrix written as:Jy = b with Tow = t2,, ~ 1

0 O
being its transmittance for s polarized light.

The resulting Jones matrix for the whole system with the rotated halfwave plate followed
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by the polarizing cube is then expressed as:
J’g =J4 JA/Q(’Y,ﬂ) J1 JA/4(QO>\/4,450) (3.6)

where the Jones matrix of the rotating halfwave plate Jy/(7,?) is given by Equation
2.38 with v = (¢a2 — 7)/2 &= 2° as )2 = 1.024 7 obtained from the specification data
of Thorlab [80].

3.2.2 The incident light is linearly polarized

Firstly, we consider the case when the beam entering the setup is linearly polarized. The
polarization state of the input light is controlled by a rotating linear polarizer P1 and a fixed

quarterwave plate at 45° with respect to x direction of the reference axes.

Since the quarterwave plate is fixed at 45° to the x axis, by rotating the polarizer P1 in
order to get o = 45°, the input of the setup (after passing the polarizer P1 and the quarterwave

plate) is actually linearly polarized at 45° with respect to the x reference direction. We have

1

1
ﬁ . and [6/ = E045*E045.

the incident Jones vector Ey,, = E,

3.2.2.1 Analysis by a rotatable linear polarizer

When the output is analyzed by a linear analyzer rotated by [ with the intensity trans-
mittance of Ty = 0.8, the Jones vector of the output is represented by E”; = J'3 E,,, and
its intensity would be:

I = ;I{)’ Tpo T (1 + sin2f cosy) (3.7)

with the intensity transmittance and retardation of the set up being 7T, ~ 0.6 and ¢ = 8°,

respectively.

3.2.2.2 Analysis by a rotatable halfwave plate and a polarizing beamsplitter cube

When analyzing the transmitted beam by a rotating halfwave plate (¢xp = 7+ 2y =
1.024 7) rotated by w followed by a polarizing beamsplitter cube with the transmittance of
Tewy, the Jones vector of the beam emerging from the setup is expressed as E”y = J'3 Ey,..

The intensity of this emerging beam is thus calculated as:
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3.2 Realistic experimental setup including the detection part

I = 5[6’ Tow Ty (1 + 2 sin2w cosy(—siny siny + cos2wcosy cosy))) (3.8)

where v = 2° and Ty, = 0.99.

It should be noted that the Equation 3.7 can be reduced from the Equation 3.8 when
~v = 0, referring to an ideal halfwave plate. We also have 2w = (3, as a halfwave plate can
rotate the polarization of linearly polarized light to twice the angle between its fast axis and
the plane of polarization. In this case, a combination of an ideal halfwave plate and a polarizing

beamsplitter cube works equivalentlly to a linear polarizer.

3.2.2.3 Comparison between two ways of detection

a) Rotating polarizer b) Rotating 1/2 + Polarizing cube
1 ‘ ‘ ‘ ‘ ‘ 1 ; ; ; ; ; ;
0.8 - 0.8 |
= -~
S 1<)
g 06y g 06
2z =y
2 2
S 041 T 041
=t =t
= =
— —
0.2r 02}
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
. : 0
Rotating angle 3 (°) Rotating angle @ (")

FIGURE 3.12: The simulating normalized intensity of the output when using 2 different setting
way to obtain the signals when the incident light is linearly polarized at 45° with respect to the
proper azes of the setup: (a) by a rotating polarizer by angle B and (b) by a set of a rotating

non-ideal halfwave plate (v = 2°) by angle w followed by a polarizing beamsplitter cube, while
rotations from 0° to 400° are performed.

The polarization of light is described quantitatively by the degree of polarization, defined
as:
Ima:r; - [mzn
§ = max  “min
Imax + Imin

where I,,,;, and I,,,, are the minimum and maximum intensities of the light, respectively. Figure

(3.9)

3.12 shows the calculating normalized intensity of the final output when it is analyzed by a
"

rotating polarizer ( from Equation 3.7) or by a combination of a rotating halfwave

1
I(/)/ TPol T:):

"

m from Equation 3.8) while the input is

linearly polarized along the direction at 45° with respect to the x reference axis (referring to

plate and a polarizing beam splitter cube (
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the degree of polarization d;, = 1).

The degree of polarization of the output d,,; remains its maximum in both cases 0,1 =
doutz = 1, indicating that the setup helps keeping the original linear polarization state of the
input. Since the electrical field underges a rotation of two times the angle between its direction
and the axis of the halfwave plate, the rotating angle § of the polarization analyzer P2 for a
complete period is two times w of the halfwave plate as expected. Therefore, for the case of
linearly polarized incident light, it is possible to change the analyzing polarizer to

a set of a rotating halfwave plate and a polarizing beamsplitter cube.

3.2.3 The incident light is circularly polarized

We move on to characterize the effect of the setup on an incident circularly polarized
light. The quarterwave plate is fixed at 45° to the = axis. Therefore, if the light incident on the
quarterwave plate is along the reference axis, for example, x direction, the beam, after passing
through the polarizer P1 and the quarterwave plate, is circularly polarized when entering the

setup.

3.2.3.1 State of polarization after the quarterwave plate

In order to analyze the beam incident on the system, we place the polarizer analyzer P2

right after the quarterwave retarder, so the total Jones matrix is calculated by :

J'1 = Jo(B) I rja(pays, 45°)

. cos*3 cosp j, + i sinf cosP sing icos®f singy , + sinf cosf cosy)
= tPol
i sin” B sing, , + sinf cosf cosyl 4 sin®B cospl y + i sinf cosf sing

(3.10)
where the Jones matrix for a rotated polarizer J(3) is given by Equation 2.34 with %, =
Tpry = 0.8 is its intensity transmittance and for the 45° turned quater waveplate J /4(g0 N4 45°)
is given by Equation 3.3 with ¢y = 0.57 (the ideal quarterwave plate) or . = 0.567

(specification data at the emission’ wavelength) [80].

As the incident light is linearly horizontally polarized (corresponding to x axis of the
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3.2 Realistic experimental setup including the detection part

setup), so its Jones vector is written by :

E, = E, (3.11)

Multiplying Equation 3.11 by Equation 3.10, we find the Jones vector of the beam entering

the setup as:

cos’f3 cosgo’/\/4 + i sinf cosf smgo’AM

Ell = Jll EOZ = Ex tPol (312)

i sin” B sing 4 + sinf cosf cosy) 4

Then the intensity of the setup’s input obtained by placing the polarizer P2 right after

the quarterwave plate is:
I} = E"E} = I Tpo(cos®) )y cos® B + sin@), , sin®[3) (3.13)

where [ = Eo *FEy,.

a) b)
1 ; ; 1 ; ; ;
+ Ideal 1/4 +  Non-ideal 1/4
08 | : 08 f
-~ -~
: E
2 o6t S o6t 1
N—' N—
> > | |
£ S
2 2
S 04r S 04r 1
-~ +~
= =
— —
02t . 02t
0 L L L L L L L O L L L L L L L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Rotating angle S ® Rotating angle S Q)

FIGURFE 3.13: The normalized intensity of the incoming light of the setup simulated by Fqua-
tion 3.13 for (a) an ideal quarterwave plate and (b) a non-ideal quarterwave plate when the
rotation from 0° to 400° of the analyzer P2 (placed after the quarterwave plate) is performed.
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!
1

/
0+ Pol

lated from Equation 3.13. If the quarterwave plate works ideally (¢x/4 = 0.57), the degree of

Figure 3.13 depicts the normalized intensity of the beam entering the setup calcu-
polarization is d;, = 0, the input is perfectly circularly polarized, as shown in Figure 3.13(a).
However, in the realistic setup, since the quarterwave plate has a retardation ¢y, = 0.567
at the wavelength of about 650 nm [80], the degree of polarization of the light exiting the

quarterwave plate is d;, ~ 0.2, indicating that it is not ideally circular polarization.

3.2.3.2 State of polarization of the detected light

Let us consider 2 detection cases:

o« When the analyzing part of the setup is a polarization analyzer P2 rotated by g with
respect to the x direction and its transmittance of Tp,;, corresponding to the case of
placing the polarization analyzer P2 after the second prism (as schematized in Figure
3.9). The Jones matrix of the entire setup J’s is already represented by Equation 3.5.
The Jones vector E’y and the intensity I} of the setup’s output are similarly found to be:

w iy

2 / T as ; ! 2
cos® B cospl,, e +isinf cosf sing , e
E'y=J%E) =E,tpat, M —ip M

.. . 2 .
i sin’ B sing)y e © +sinf cosf cosgl e

(3.14)

.
ol

x : : Iy : .
Iy = By Ey = I, Tpo Ty (cos* @), cos” B + sin®¢) jy sin3 + 55@7}2@;/4 sin2/3 siny)
(3.15)

« When we use a combination of a halfwave plate rotated by w with a phase retardation
of ¢, = ™+ 2y = 1.0247 at the wavelength of emission (v ~ 2°) and a polarizing
beamsplitter cube with the transmittance of T, we obtain the beam emerging from the
setup with the Jones vector E’s = J’3 Ey where the Jones matrix of the setup J's is

given by Equation 3.6. We derive the intensity of this emerging beam as:

I, = BB}

2

=1y Tow T, [00324,0'/\/4(32'7127 + cos*y cos*w) + Sz‘nzgo'/\/4 cos*y sin*w (3.16)

+ sz’n2g0’/\/4 cosy sin2w (siny cosy + cosy cos2w sini)]

When the state of the setup’s input is perfectly circularly polarized ( d;, = 0, as observed
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3.2 Realistic experimental setup including the detection part

Rotating polarizer Rotating A/2 + Polarizing cube
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FIGURE 3.14: The simulating normalized intensity of the output when using 2 different setting
way to obtain the signals: by a rotating polarizer (in red) and by a set of a rotating non-ideal
halfwave plate (at the wavelength of emission vy = 2°) followed by a polarizing beamsplitter cube
(in blue) when the state of the beam entering the setup is perfect circularly polarization (a)/(b)
or nearly circularly polarization (c)/(d) while rotations of the polarizer () and of the halfwave
plate (w) from 0° to 400° are performed. The retardation of the setup is 1 = 8°.
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in Figure 3.13(a)), the simulating normalized intensity of the beam exiting from the setup when
/!

I
/72 from Equation 3.15) and by a rotating halfwave
[0 TPol Tx
Iy

](l) TCub Tx
in Figure 3.14(a) and (b), respectively. The degree of polarization of the output in both case is

it is analyzed by a rotating polarizer (

plate together with a polarizing beam splitter cube ( from Equation 3.16) is plotted
Oout1 = Ooura = 0.04, very close to the input value. The fact that it is not exactly 0 is because

of the retardation induced by the setup (¢ = 8°).

On the other hand, when we consider the non-ideal nature of the quarterwave plate, the
beam entering the setup is nearly circularly polarized with d;, ~ 0.2, as observed in Figure
3.13(b). The degree of polarization of the calculating normalized intensity of the detected
beam in both cases is dpur1 & dourz ~ 0.2, as presented in Figure 3.14(c) and (d). The agree-
ment between the input and output values confirms the fact that both detection ways is

applicable for polarimetric measurements.

However, beside the fact that the rotating angle 3 for one period of the polarizer P2 is
2 times w of the halfwave plate, there is an obvious difference between two simulating curves:
in the second case, the maximum/minimum values of the intensity varies in a periodic way.
This difference may result from the fact that the halfwave plate is not ideal and therefore it
is not equivalent in analyzing polarization state by a linear polarizer and by a halfwave plate
followed by a polarizing cube. We will dicuss in the next subsection this interesting fact which
only happens when the detection part consists of a rotating halfwave plate together with a

polarizing beamsplitter cube.

3.2.3.3 The total polarization effect of the setup’s dephasing 1) and the rotating

non-ideal halfwave plate in the detection part

We focus on the fact that the detected signal is analyzed by a rotating halfwave plate
followed by a polarizing beamsplitter cube in the followings. In order to characterize this
periodic variation of the maximum /minimum values of the intensity, we consider the simulations
of 4 relevant situations with different phase retardation of the setup v and different retardation
of the halfwave plate /2 in two cases: when the beam entering the setup is perfectly circularly
polarized (the ideal case d;, = 0) and when it is not perfectly circularly polarized (the realistic

case 0y, ~ 0.2):

« a) The setup is ideal ) = 0 and the halfwave plate is ideal ¢/, = 180°

« b) The setup is non-ideal 1) = 8 and the halfwave plate is ideal ¢,/ = 180°

59



3.2 Realistic experimental setup including the detection part

e ¢) The setup is ideal 1) = 0 and the halfwave plate is non-ideal ¢, , = 184"

« d) The setup is non-ideal ¢ = 8" and the halfwave plate is non-ideal o) /2= 184°

* The ideal case: the input light is perfectly circularly polarized
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FIGURFE 3.15: The simulating normalized intensity of the output analyzed by a set of a rotating
halfwave plate followed by a polarizing beamsplitter cube with the beam entering the setup being
perfectly circularly polarized (6;, = 0 from Figure 3.13(a)) when rotations from 0° to 400° of
the halfwave plate are performed. The phase retardation 1 of the setup and different retardation
of the halfwave plate @y /o are set as: (a) Y =0 and gy = 1807, (b) 1 =8 and ¢, s = 1807,
(c) ¥ =0 and 5o = 1847, (d) ¢ = 8" and @y, = 184",

We report on the Figure 3.15 the calculating normalized intensity which is obtained when
rotating the halfwave plate by 0° < w < 400° for a perfectly circularly polarized light incident
on the setup in 4 mentioned situations. The simulated curve representing the input’ signal is

already discussed in Figure 3.13(a). We have:

e a) When the setup has no dephasing effect and the halfwave phate works ideally, the
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beam exiting the setup is also perfectly circularly polarized 6o, = 95, = 0, as shown in

Figure 3.15(a).

« b) When there is a phase retardation of 1 = 8 introduced by the setup but the halfwave-
plate remains being ideal, the signal oscillates with a period of 90°, since the beam is an-
alyzed by a rotating halfwave plate and a polarizing beamsplitter cube (Figure 3.15(a)).
The degree of polarization of the output is d,,; = 0.04, referring to a mostly perfectly
circularly polarization state. It should be noted that the phase of the curve is slightly

shifted comparing to the situation (a).

A2 ideal non-ideal
— 1200 — 1840
setup 9,, =180 9 = 184
(a) (c)
ideal 00 =0 -5, =0.04
w=0 - Same as anglyzmg _ Period of 180°
by a polarizer
(b) (d)
, -5, =0.04 Oy = 0:04
non-ideal —Period of 90° -Maximum and minimum
y=28" ) values oscillate
- Phase shifted periodically of 180°

FIGURE 3.16: Summary of the polarization state of the normalized intensity of the output
analyzed by a set of a rotating halfwave plate followed by a polarizing beamsplitter cube with the
beam entering the setup being perfectly circularly polarized (8;, = 0) for 4 simulated situations.

« ¢) We consider an ideal setup (1) = 0), therefore, the transmitted beam is supposed to be
perfectly circularly polarized. However, since the halfwave plate is non-ideal @), = 184°,
the degree of polarization calculated for the output is d,,; = 0.04. A complete period of
the resulting curve is 180°. It is explainable since the only element affects the phase in

this situation is the imperfect halfwave plate.

« d) When both the setup and the halfwave plate are non-ideal with ¢) = 8" and ¢, » = 184°
respectively, the detected data vary with a period of 90° while the minimum and maximum
values change with with a period of 180". The average degree of polarization d,,; keeps

being 0.04.

Figure 3.16 presents a short summary of resulting polarization state of the perfectly circu-
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3.2 Realistic experimental setup including the detection part

larly polarized light after passing through the setup and being analyzed by a rotating halfwave
plate in 4 simulated situations. The output is considered as perfectly circular polarized since

the induced degree of polarization is within the range of measurement errors.

* The realistic case: the input light is not perfectly circularly polarized

a) c)
1 . 1
0.8 0.8
— o
Qo =]
5 0.6 - P & 0.6 | A
. /\MA/ :
2 ] 2 ]
2 g
O 04 F R O 04¢ R
- —
=] =
— —
0.2 0.2
0

b) d)
1 1
0.8 - 0.8
[y gy
E E | f
=] ]
\5 0.6 - 3 5 0.6 1
2 | ] 2 | ]
g =
Q 047 1 0 04 ¢ 1
+~ =
= =
Pt L] L |
0.2 0.2
0

Rotating angle @ (°)

50 100 150 200 250 300 350 400
Rotating angle @ (°)

50 100 150 200 250 300 350 400

50 100 150 200 250 300 350 400
Rotating angle @ (°)

50 100 150 200 250 300 350 400
Rotating angle @ (°)

FIGURFE 3.17: The simulating normalized intensity of the output analyzed by a set of a rotating
halfwave plate followed by a polarizing beamsplitter cube with a nearly circularly polarized beam
entering the setup (0; ~ 0.2 from Figure 3.13(b)) when rotations from 0° to 400° of the
halfwave plate are performed. The phase retardation i of the setup and different retardation of
the halfwave plate 5o are set as: (a) Y =0 and @y o = 1807, (b) ¢ = 8" and ¢, ;5 = 1807, (c)

Y =0 and oy =184%, (d) ¢ =87 and py/p = 184".

the setup with d;, ~ 0.2, as presented in Figure 3.13(b).

In the followings we discuss the realistic case when a nearly circularly polarized light enters

For all 4 simulated situations, the

average degree of polarization d,,; keeps being 0.2 and the oscillating period of the curve is 90°

as expected, but there is an obvious difference between these curves:
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A2 ideal non - ideal
setup 9, =180 0, =184
@ (b)
-5, =02 -5,,=0.24 0
ideal - Period of 90° - Period of 90
w=0 - Same as analyzing - Minimum values remain,

maximum values oscillate

by a polarizer periodically of 180°

(©) (d)
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non-ideal -9, =0.24 - Period of 90°
: 0
y=28" - Period of 90 -Minimum and maximum
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FIGURE 3.18: Summary of the polarization state of the normalized intensity of the output
analyzed by a set of a rotating halfwave plate followed by a polarizing beamsplitter cube with the
beam entering the setup being nearly circularly polarized (6;, = 0.2) for 4 simulated situations.

o a) The ideal case when there are no retardation introduced by the whole system ¢ = 0
and the output is analyzed by an ideal halfwave plate ¢,/ = 180°, the detected signal
is the same to the result analyzed by rotating the analyzer P2, as described in Figure
3.17(a). We have §;, = 0y = 0.2

« b) While ¢, /5 = 180° but our setup induces a phase retardation of 1) = 8°, we can observe
the phase change of the intensity curves as seen in Figure 3.17(b): the first maximum

peak is at w = 37° instead of being at @ = 45" as obtained in Figure 3.17(a).

+ ¢) We consider the non-ideal halfwave plate employed in our setup which has )/, = 184°
[80]. When the setup has no retardation effect ©» = 0, only the maximum values of the
intensity varies with a period double of the intensity values themselves while the minimum

values remain the same, as shown in Figure 3.17(c).

e d) When the incident light is phase shifted after passing through the setup then the
employed halfwave plate with a retardation of ¢y, = 184° both the maximum and

minimum intensities changes periodically, as observed in Figure 3.17(d).

We summary the simulation results for 4 situations when the light entering the setup

is nearly circularly polarized (d;, =~ 0.2) in Figure 3.18. It is confirmed that the periodic
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deviation of the maximum or/and minimum values of the recorded intensity curve

results from the fact that the halfwave plate used is imperfect.

3.2.4 Comparison between two detection ways

As summarized in Figure 3.19, there is a good agreement between two ways of analyzing
the transmitted light: a rotating polarizer or a combination of a rotating halfwave plate and a
polarizing beamsplitter cube, so that they are confirmed to be capable of replacing one by the

other. Therefore, we will use the rotating halfwave plate followed by a fixed polarizing cube as

planned.
Output detected Output de.ttected
Input . by an non-ideal /2
by a polarizer and a polarizing cube
linearly polarized 5 =1 5 =1
along 45° direction " out out
5 =1 - linearly polarized - linearly polarized
-6 =0.04
out
perfectly circularly -9,,=0 ) mostli/ c?rc?ilarly
: olarize
polarized - perfectly circularly P lation of
5 =0 olarized - oscitiation o
n P z maximum and
minimum values
-6 =024
out
nearly circularly -8, ,=02 ) nearl}lf 01-rc1(111ar1y
: olarize
polarized - nearly circularly P o
5 =02 polarized - oscillation of
in maximum and
minimum values

FIGURE 3.19: Comparison between two detection ways: a rotating polarizer and a rotating
non-ideal halfwave plate () = 184°) followed by a polarizing beamsplitter cube with three
relevant polarization states of the incident beam and the dephasing of the setup 1) = 8°.

3.2.5 Other determination of the retardation induced by the setup

In the realistic case, while detecting the output by a combination of a rotatable non-ideal

halfwave plate and a polarizing beamsplitter cube, the oscillation of the minumum intensity
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values only appears when there is a phase retardation 1) caused by the setup. It gives us an
idea to characterize quantitatively . Figure 3.20 depicts the difference between the periodic
deviation of the minimum data calculated for three different values of 1) when the incident light

is linearly polarized at 45° with respect to the z reference axis (§;, = 1).

We assume that the setup introduces no dephasing 1) = 0, then all the minimum value are
exactly 0 (Figure 3.20 (a)). When there is a retardation induced by the setup, the minimum
values no longer reach 0 and vary periodically of 180° depending on the 1) as described in Figure
3.20 (b) and (c). By comparing the experiment result with these simulated curves, we could
estimate the phase shift induced by the experimental setup.

a) b) c)
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FIGURE 3.20: The minimum values of the normalized intensity of the output as the function
of the rotating angle of the halfwave plate for a 45° linearly polarized light (with respect to the
x reference axis) incident on the setup calculated with different retardation introduced by the
setup: (a) ¢ = 0, (b) v = 8%, and (c) v = 16". Noted that the halfwave plate is non-ideal
©rjo = 1847,

3.3 Analysis of polarization property of the realistic ex-

perimental setup

We will use point-like emitters as the reference sample to finalize the setup calibrations.
These emitters are spheres of polymer infiltrated with a high concentration of fluorescent
molecules (A ~ 580 — 605nm), commercialized by ThermoFisher. The diameter of each bead is
typically 0.2mm. Since we study photoluminescence from a single polymer microsphere which
is much smaller than its emission wavelength, it is reasonable to treat it like a point like source.
Each bead including many dye molecules randomly orientated, therefore, its emission is sup-
posed to be isotropic in three dimensions with no preferential polarization in the homogenous
media. So it could be considered as unpolarized emitters. The emission polarization measure-

ments for several individual microspheres are performed in the setup schematized in Figure

65



3.3 Analysis of polarization property of the realistic experimental setup

3.21. We will perform the experimental measurements in order to compare to the simulation
works discussed previously in the section 3.2. It should be noted that our employed quarterwave

plate is non-ideal, we could not perform the case of a perfectly circularly polarized input.

3.3.1 Presentation of the realistic experimental setup

Figure 3.21 illustrates the experimental setup for the emission polarization measurement
after diattenuation and retardation corrections. The photoluminescence incident on the second
dichroic D2 and being reflected on the second prism (Prism 2) followed by a halfwave plate
(A/2). The halfwave plate is rotated around the direction of propagation (z axis) at a constant

speed of 15°/s by a motorized holder.

Objective

Z
z
APD 1 — .--..___,i
" i i
Y Laser @450 nm :
Di¢hroic D1
Hilter 630/92
A2 ) <«—+—> Tube lens
e v Pinhole i
| [
\ l ‘ ; Prisim Pml
Prism Pm2 Dichroic D2 ‘ :
z Microscope
Yy
X

FIGURFE 3.21: Schematic configuration of the final developed setup for emission polarization
measurement. Noted that the z axis is always oriented in the direction of propagation.

The emission light is finally sent through a polarizing beamsplitter cube (PBS) which
splits the signal into two orthogonal polarizations (along x and y directions). These two parts
are then recorded by two separate single photo counting avalanche photodiode (APD). At
our emission’ wavelength, the photoluminescence’ part arriving to the transmission APD is
linearly horizontally polarized (x polarization) while the part reflecting on the cube consists
of 95% vertical polarization and 5% horizontal polarization. Therefore, we only perform the

polarimetric analysis on the collected data of the transmission APD. In order to remove the
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influence of the fluctuations, these signals will be normalized by the total intensity obtained by

I
both photodiodes I,,ppm, () = T )13_@1) =
1\Ww ol

The rotating halfwave plate followed by a polarizing beamsplitter cube works as a polar-

ization anlayser: The halfwave plate is rotated by an angle of w, changing the electric field £
direction by 2zw while the polarizing beamsplitter cube transmits only the horizontal compo-
nent of the photoluminescence. The laser, the pinhole, the avalanche photodiode, and the low
concentration of the emitters on the sample’ surface will ensure that the detected signal is from

the selected individual emitter.

3.3.2 The incident emitted light is unpolarized

Figure 3.22(a) displays the normalized intensity of the emission of an isolated molecular
ball detected by each photodiode as a function of the rotating angle of the halfwave plate.
The blue line is recorded by the transmission APD, while the green one is by the reflection
APD. Each signal is normalized by the sum of the intensities collected by both photodiode in
order to avoid errors due to fluctuations. The signal rarely changes, resulting in the degree
of polarization 6 = 0. This result confirmed that we send an unpolarized incident light
through our experimental setup, the setup would not introduce any unexpected

polarization effect.

3.3.3 The incident emitted light is linearly polarized

We now turn our attention to the linearly polarized incident beam. A polarizer film was
inserted between the objective and the first dichroic D1 in order to make the emission fully
linear polarized (the degree of polarization d;, = 1). The corresponding output signals were
presented in Figure 3.22(b), (c¢), and(d). When the axis of the polarizer film is set along along x
and y direction (Figure 3.22(c) and (d) respectively), resulting in an incident linearly polarized
light along x and y reference axes, the degree of polarization of the detected light (d,.;) still
remains 1, which implies that the output light is still fully polarized. The difference between the
estimated dipolar azimuthal angle ®.— &, obtained in two different incident polarization is also
kept as 90°. These two curves are antiphased, as expected. This estimated azimuthal angles
gives us the reference angles indicating the horizontal and vertical axis of the setup(® = —74°

corresponds to x axis and —164° corresponds to y axis).

When the input light is polarized along —45° direction to the reference axes (Figure 3.22b),
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FIGURE 3.22: The normalized intensity as a function of the rotating angle of \/2 when the
input of the setup is the original emission of an individual microsphere (a), the part linearly
polarized in the direction at —45° to the x axis (b),the part linearly polarized along x axis (c),
the part linearly polarized along y axis (d). Blue circles represent the experimental curve and
Solid red line is the fitting of this curve with Equation 2.1.
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the detected d,,; = 0.97 and ®, = —30°. The value of this obtained azimuthal angle is in a
good agreement with the reference angles (&, — ®, = —45°). By equation 2.43, the phase
retardation of the setup could be calculated: ¢ = 8°, similar to the previous value obtained
by the calibrating measurement using the incident collimated laser with a power meter as a

detector and a rotating polarizer as an analyzer.

It is noticed in Figure 3.22(b) that the minimum/maximum values of the intensity varies
in a periodic way, which has already been discussed when calculating the intensity of the
transmitted light with the Jones vector given by Equation 3.16. Figure 3.23(a) zooms in the
periodic variation of the minimum values of the output’ intensity plotted in Figure 3.22(b).
This tiny periodic change is proven to result from the non-ideal behavior of the halfwave plate
at the wavelength of emission (630 — 650nm). Comparing this experimental curve with the
simulation works shown in Figure 3.20 for a linearly polarized beam entering the setup, we find
out the retardation introduced by the setup is about @) = 8°, as observed in Figure 3.23. This
phase retardation is the same with the values estimated from the equation 2.43, ensuring the

accuracy of the determination of the setup’s phase retardation ).
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FIGURFE 3.23: The normalized intensity of the output as the function of the rotating angle of
the \/2: the experimental curve (a) and the simulational curve for ¢ = 8° and a retardation of
©r/2 = 184° of the halfwave plate (b).

3.3.4 The incident emitted light is circularly polarized

We will continue by considering a circularly polarized light as the incident beam onto the
setup. The emission is collected from an individual fluosphere ball, and its polarization state

will be modified to be circularly polarized by setting the axis of the polarizer P1 along the z
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axis of the setup (o = 0) and turning the quarterwave plate’s fast axis 45° to the = axis. The
polarization of the input of the setup are analyzed by the linear polarizer P2 inserted right
after the quarterwave plate (before the setup) in the setup schematized in Figure 3.9. Then,
the linear analyzer P2 is placed after the adding prism Pm2 (after the setup) to characterize

the output of the setup.
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FIGURE 3.24: The intensity of (a) the input (analyzer P2 is inserted right after the quarterwave
plate) and (b) the output (analyzer P2 is fized after the additional prism Pm2) of the setup
measured by the power meter in the final calibrating configuration shown in Figure 3.9 when
rotating the analyzer. Noted that the rotating angles are just the numbers indicated on the
mount of the polarizer analyzer P2: the x reference axis corresponds to 55° and 25° for the
input and output case, respectively.

Figure 3.24 presents the intensity of the input and output of the setup measured by the
power meter following the polarization analyzer P2, as described in Figure 3.9, when rotating
the analyzer P2. The polarizer P1 is put at a = 0, resulting in a linear horizontally polarized
light incident on the quarterwave plate. Since the angle between the axes of the polarizer P1
and the quarterwave plate is 45°, the light entering the setup would theoretically be circularly
polarized. However, in Figure 3.24 (a), the experimental result gives §;, = 0.2, reffering to
an input of the setup being not perfectly circularly polarized. As discussed in the subsection
3.2.3), it is because the retardation of the quaterwave plate at the wavelength of 630nm is not

strictly equal to /2.

The output of the setup are therefore not perfectly circularly polarized, which is in agree-
ment with Equation 3.15. The degree of polarization of the output is 6., = 0.22, leading to
the retardation by the setup 1) ~ 10°. We observe a good agreement between the experimental
(Figure 3.24(a) and (b)) and the theoretical curves (Figure 3.13(b) and 3.14(c)). The degree of
polarization is not much affected by the small retardation induced by the setup (0 < ¢ < 10°).

70



CHAPTER 3. EMISSION POLARIZATION MEASUREMENT AND
ANALYSIS

Therefore, it confirms the working capability of our final developed setup for analyzing polar-
ization of the emission. To conclude, the setup schematized in Figure 3.21 is applicable
for polarimetric measurements since it introduces a very slight change in the state

of polarization.

Conclusion

We develop in this chapter the emission polarization measurement in order to study the
nanoemitters’ dipolar dimensionality and its associated orientation at individual scale. The
microscopy setup is checked in term of diattenuation and retardation, respectively. We have
systematically analyzed and discussed the polarization effects introduced by the setup. After
inserting an additional dichroic and prism, the setup is confirmed to induce a smallest effect on
the polarization state of a transmitted beam. It can be concluded that our experimental setup
will only modify less than 4% of the emission’s degree of polarization, which does not influence

on the resulting determination of the orientation of the nanoemitter’ emitting dipole.
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Chapter 4

Emission pattern measurement and

analysis

Introduction

The angular intensity distribution, so-called emission pattern, is an important property
of the photoluminescence from nanoemitters. The emission pattern depends on not only the
nanoemitter’s dipolar dimensionality and its dipolar orientation, but also on the local optical
environment around it. Therefore, it is possible to gather information on the orientation of the

emitting dipole from emission pattern measurements.

Nowadays, most single molecule experiments are performed in or near planarly layered
media. The photons emitted from an invidual emitter can scatter at the interface, resulting
in an alteration of its emission pattern. Dipole emission near planar interfaces has gained
great interest in many theoretical studies, especially in antenna theory and integrated optics
[63,64,82-92]. Sommerfeld developed a theory for a vertically oriented dipole in 1909 [83]. In
1911, the horizontal dipole was investigated by Horschelmann [84,86]. Later, in 1919, Weyl
expanded the problem by a superposition of plane and evanescent waves [85]. A lot of other
researchers have similarly approached the topic, all based on the Sommerfeld’s lectures [87-89].
The emission patterns were experimentally obtained in 1987 for an ensemble of molecules with

their averaged dipolar orientation [93].

The emission pattern provides another method for studying the emission. It allows to
estimate the ambiguity in polarimetric measurements. For example, a given value of the degree

of polarization ¢ gives two possible dipolar orientation depending on the 1D or 2D dipolar
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dimensionality. This chapter starts by introducing the principles of the emission pattern mea-
surement. After summrizing the main developed theoretical basis of simulating the emission
pattern, the experimental setup will be presented. We also discuss the calibrating procedures
needed to optimize the setup. Finally, we will explain our way to analyze the measured emission

pattern.

4.1 Principles of the measurement

The emission pattern defines the distribution of the power radiated from a dipole as a
function of the direction away from it. For example, the 3-dimensional radiation pattern of a
dipole oriented along z axis in free space is pictured in Figure 4.1. It has a doughnut type shape,
with the axis of the dipole (z axis) passing through the hole at the centre of the doughnut. In
the x — y plane (perpendicular to the z axis), the radiation is maximum. The radiation falls to

zero along the dipolar axis.

~ 7 axis

Direction of maximum radiation

« .~ Dipolar axis

Emission Pattern

FIGURE J.1: Theoretical emission pattern for a dipole in free space [94].

Typically, since it is simpler, the radiation patterns are plotted in 2-dimensional plane.
In this case, the patterns are given as "slices" through the 3-dimensional diagram. The same
pattern in Figure 4.1 is plotted in Figure 4.2(a). It appears like a figure-of-eight with the color

corresponds to the magnitude of the power in this direction.

We consider the situation displayed in Figure 4.2 where a dipole with different orientations
is in free space and above the glass substrate respectively. When the dipole is in free space,
the emission pattern is a familiar figure-of-eight which is symmetric around the axis normal
to the dipolar axis. When the distance of the dipole from the surface of the substrate is less
than one wavelength, the dipole interacts with the local structure and radiate different form
of emission. Consequently, the emission pattern loses its symmetry. There is a clear difference

between the case of a dipole oriented along the substrate’s surface and of a dipole with its axis

74



CHAPTER 4. EMISSION PATTERN MEASUREMENT AND ANALYSIS

a horizontal dipole a vertical dipole

FIGURE 4.2: Field distribution for a horizontal dipole and a vertical dipole when (a) the dipole
is in free space and (b) when the dipole is in air at a distance of 50 nm to the glass substrate.

perpendicular to this surface. For a fixed orientation of the emitting dipole at a fixed distance
to a given layered substrate, a certain emission pattern could be simulated. By comparing the
predicted emission pattern and the measured one, we could determine the orientation of the

emitter.

4.2 Method to calculate the emission pattern

As the magnetic field is transverse to the electric field vector in the far field, the time

averaged Poynting vector is derived as:

- 1 - - 1 [epe;
S =-Re{Ex H} =2 >
2 { J 2\ pop;

E - E*é (4.1)

with €, is the unit vector along the emitting direction. The power of the emission per unit solid
angle dS) = sin(0)dfde is given by :

dP = P(Q)dQ = r2S - é.sin(0)dOde (4.2)

where P(Q) = P(0, ¢) is defined as the emission pattern [79]. In short, it is a plot describing
the relative far field strength | E |* versus the angular direction (6, ¢) at a fixed distance from
a dipole, with 6 being the angle to the dipolar axis and ¢ denoting the azimuthal angle around

this axis in the Fourier plane.
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4.2 Method to calculate the emission pattern

The existence of a surface in the vicinity of a dipole modifies its emission pattern. We
develop the calculation for the angular distribution of the emitted power from a dipole oriented
at (0,®) based on the works done by Lukosz [63,64]. His calculations are expanded and
simplified for the case of only one interface is taken into account. These studies are already

published in the thesis and paper of Lethiec [27,52,62]. I will just summarize the main equations.

4.2.1 Reflection configuration

The typical example of the reflection configuration is that the emitter in a medium with
higher refractive index, so that its emission is reflected at the interface, as illustrated in Figure
4.3. The objective directly collects the emitting beam at the angle of 6; with respect to the

optical axis and at m — 6; for the reflecting beam.

a2

Interface Objective

FIGURE 4.3: Schematic of the reflection configuration: an emitter situated in a medium with
a refractive index of nq at a distance of zg to an interface with the other medium having index
ny when ng < ny [27].

In optics, Fresnel’s equations describe the reflection and transmission of electromagnetic
waves at an interface. The reflection coefficients for waves perpendicular and parallel to the

plane of incidence (s and p polarization respectively) are given by:

ny cos By — ny cos by

(4.3)

ry =
ny cos By + ny cos by

0, — 0
r, = Tl COS Uq 1 COS U9 (44)
ny cos By + ny cos by

The emission pattern obtained by the objective will be distributed spatially with 6; €
[0,7/2] and ¢ € [0,27] as:
P(91a¢) = P8(917¢) +Pp(91a¢) (45)
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with P; and P, being the emitted power for s and p polarized light given respectively as:

3 :
Py(61,9¢) = S | sin © sin(® — @) (1 + r, 2 k=70 |2 (4.6)

P,(61,9) = 8?; | cos © sin 6 (14 7,2 %) —sin© cos(® — ¢) cosy (1 —r,e? k=) |2 (4.7)

s
and k, = 5 ny cos 61 while 2z, denoting the distance between the emitter and the interface.

4.2.2 Transmission configuration

We consider a situation where the photoluminescence observed in a medium with the
infractive index of ny is emitted by a dipole in a medium with the index of n,. Therefore, the

emission is collected by the objective at the angle of 6 with respect to the optical axis of the

setup.
a
I‘I ////;
________ T}\éz e
Ol 02 z
n, n,
Interface ..

! Objective

FIGURE 4.4: Schematic of a transmission configuration: an emitter situated in a medium
with a refractive index of ny near an interface with the collecting medium with index no when
No < Ny /27/

i) Case ny < ny

The simpler case is when ny < nq, as illustrated in Figure 4.4. O; presents the position of
the dipole emitter, the emission ray propagates along the direction at the angle #; with respect
to the z axis normal to the interface. The second medium will bend the incoming ray to the
direction at the angle 6, to the z axis. The position O, corresponds to an imaginary position
where the dipole would be located to emit the ray at the same angle 6, in the case the interface

did not exist. Based on the geometric construction, the following relationship is obtained:

T2 sin 91 N9

(4.8)

ry sinfy, 0y
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Thus the angle 6, varies from 0 to 7/2 in the collecting medium. The Snell’s law indicates that

n
the angle 6, is limited between 0 and arcsin =
ny

The Fresnel’s transmission coefficients for s and p polarization are written as:

2 0
ts _ 1 COS Uy (49)
ny cos By + ny cos by

2mn; cos b6,
t = 4.10
P ny cosBy + ny cos by ( )

As discussed by Lukosz in [64] for a dipole with a given orientation of (©,®), Equation
4.2 will be expanded and simplified to yield the angular normalized power of s polarized light

as:
3 ng. 5, cosby

Py(0s,9) = )%(sin © sin(® — @) t,)? (4.11)

87 'ny’ “cos b

and for p polarized light:

3 USRS C0892

Pp(927¢> = (

& ny’ “cosb

)*(cos © sin b t, —sin © cos(® — ¢) cos b, t,)? (4.12)

n
with 6; lies between 0 and arcsin =2,
ny

The emission pattern is thus written as:

P(b, ¢) = Py(02,¢) + F,(02, 0) (4.13)

where 6, varies from 0 to 7/2 and ¢ varies from 0 to 27 for the situation in which the emission

propagates from the denser medium to another ny > ns.

ii) Case n; < ngy

We move on to the more complex case when the emission travels to the denser medium
(n1 < mg). The propagating waves in the medium 1 are deflected in the medium 2 with an

angle of 6, which is 0 < 0y < 6. where 6, is the critical angle of the total internal reflection:

0. = arcsinng /ngy (4.14)

Some of the evanescent waves in the dipole’s near field are refracted at the interface and

appear in the collecting medium as plane waves with angles of refraction 6y > 6., so that 6,

78



CHAPTER 4. EMISSION PATTERN MEASUREMENT AND ANALYSIS

ranges from 6. to w/2. In this regime we rewrite for the radiation pattern of an electric dipole

due to its evanescent component of emission as:

P{(02.¢) = f; (sin©)* (sin(® — ¢))* (4.15)

with
3 7123

27 ny (ng? — ny?) cos? Oy e >0/2

Is (4.16)

where zj is the distance between the dipole and the interface while A is the penetration depth

of the evanescent wave generated by the dipole in the medium with index n; given by:

A s
A= (ny? sin? 6y — ny?)Y (4.17)
and
P!(03,¢) = [, (cos® © sin’? 92(%)2 + sin* © cos? (P — ¢) ((%)2 —1) (4.18)
1 1
with ,
f, = fsm (4.19)

(92 + ny2) sin? 0y — ny2

Therefore, when zy < A, evanescent component of the dipole’ emission in the medium
1 are transmitted to the medium 2 and become propagative. This energy is converted into
propagating fields which travel beyond the critical angle 6.. The angular distribution of the
power P’(63,¢) when the light passes through the interface from the lower index medium to a

higher one ( ny < ngy) is expressed as:

P'(02,9) = Ps(02,9) + Pp(02, 0) (4.20)

where 0y varies from 0 to 6. and

P'(62, ) = Pl(03,6) + (62, 6) (4.21)

where 6y varies from 6. to 7/2 while ¢ varies from 0 to 27 for both cases.

For example, the diagram of the isotropic emission from a dipole in air at the air-glass
interface is presented in Figure 4.5. In this situation, the medium 1 is air (n; = 1) while the
collecting medium has ny = 1.51, therefore, the critical angle of the total internal reflection
0. = 41.5°. The rays emitting at an angle ; < 42° correspond to an undercritical angle

component of the collected emission (in blue). As the emitter is at the optical interface, some
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(glass) n,=1.51

FIGURE 4.5: Simulated emission diagram of an isotropic emitter in air located at the air-glass
interface with 6, = 41.5°.

deflected rays propagate in the direction beyond the critical angle, corresponding to evanescent

component of the emission (in red).

4.3 Method to measure the emission pattern

For a macroscopic sample, such as a LED, the goniometer is a practical device for analyzing
the angular dependent distribution of radiation. It allows to change the direction at which a
detector (often being an optical fiber) observes the sample. In the experiment, either the sample
is moved around the detector at a fixed position or the detector is turned around the stationary
sample. In both cases, each output for each rotating angles is detected when rotations from
0° to 180° are performed. The emitted intensity from different direction is recorded, and then
used to reconstruct the angular intensity distribution of the radiated beam in one plane [79].

Since moving the detector is time and cost consuming, rotating the sample is more popular.

However, when the sample’ size is reduced to microscopic scale, either rotating a microscope’s
objective around the emitters or moving the sample holder around the objective is clearly un-
practical and unrealistic. In order to study the emission pattern of an nanoemitter, it is more
applicable to collect all emission photons with the objective and then to image the intensity
distribution in back(rear) focal plane, where the electric field is directly related to the Fourier
transform (k-space distribution) of the field in the object plane (before the objective). This
technique is thus named Back focal plane imaging [95-97].

In optics, the focal length of a lens is defined as the distance from the lens center to a
point on the optical axis where parallel rays are focused (so-called a principal focal point). An

imaginary plane perpendicular to the optical axis at this point is termed the focal plane of the

80



CHAPTER 4. EMISSION PATTERN MEASUREMENT AND ANALYSIS

lens. Every lens has two principal focal points for receiving light, one at each side. Therefore,
the focal plane in front of the objective is known as the front focal plane while the focal plane
behind the objective is called the back/rear focal plane. The actual position of the back focal
plane varies with the objective construction, but is generally situated somewhere inside the

objective itself for high magnification ones [79)].

Rays leaving the object with the same angle will meet in the objective’s back focal plane.
We start by considering an emitting dipole located in the front focal plane z = 0. Following
the discussion in [96], the electric field of the dipole can be expressed as a function of Fourier

transform E by

- +oo 2, .
E(r,y;2=0) = / /_ E(kg, ky; 2 = 0)elbos+bul g gk, (4.22)

The emission pattern is created by the field emitted along a direction of unit vector , at a
— T —
distance r > A (far-field emission). We define the wavevector k = kil = Tﬁ with k) denoting

its component in the cross section (x,y) and k, denoting z-component.

FIGURE J.6: Coordinate system used where k is the wavevector [98].

Each point on the object plane in the front of the objective (x,y) is mapped into its
reciprocal (k,, k,) on the back focal plane which can be assigned to an collecting angle (6, ¢)
by:

by VES + k2

[k [k

= sind (4.23)

and

o

k—y = tan ¢ (4.24)

where 6 is the angle to the optical axis (6 = 0 along the axis) and ¢ is the angle around that
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axis, as observed in Figure 4.6.

In addition, as seen in Figure 4.6, the distance between the dipole and the center of the
objective is equal to the focal length f of the objective. The ray emitting from the dipole at
the angle @ is refracted at the reference sphere of the objective and then directed onto the back
focal plane. Thanks to the Abbe sin condition when the objective is considered as an ideal
lens with no aberration, the radius coordinate r from the optical axis on the back focal plane

is related to the emission angle by:

r = f sinf (4.25)

Therefore,
k., =1 cos¢ = f sinf cos ¢ (4.26)
ky=rsing = f sinf sin¢g (4.27)

The power of the emission per unit solid angle d2 = sin(0)dfd¢ is already given by
Equation 4.2:

AP = P(Q)dS)

where P(2) = P(0, ¢) is defined as the emission pattern [79]. The distribution of the emitted
power on the back focal plane p(k)) is related to the angular power density P(6) as:

oKy, 8) Ky dky do = o(ky, ¢) (| k | sin6) d(| k | sin6) do
—| k| o(ky, ) cosO sindf d (4.28)
=k |? ok, @) cos8d2

Hence, we have:
P(0)d =] k |* p(ky, ¢) cosddS) (4.29)
where € is the solid angle.

Therefore, the emission pattern is related to the power per unit solid angle obtained on
the back focal plane by:
P0) =| k |? p(ky, k) cosO (4.30)

with k, and k, taken from Equation 4.26 and 4.27, respectively.

Equation 4.30 ensures that in the back focal plane (corresponding to the Fourier plane), the

light intensity distribution contains information on the directions of emission of the dipole. The
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cosine factor is an apodization factor which help to conserve the energy along each geometric
path [94].

4.4 Experimental setup to measure the emission pattern

Casea |

Objective

Laser @450 nm
Dichroic FF510

Filter 630/92

Tube legls 1
! Fourier lens

|
\ Mirror l

Microscope

FIGURE 4.7: Schematic configuration of emission pattern measurement.

The emission pattern imaging is performed together with the emission polarization analysis
for the same selected individual emitter, therefore, the excitation part of the setup is already

described in subsection 2.2.1.

Since the actual position of the back focal plane is generally situated at the back pupil
of the objective, in order to measure the emission pattern on this plane, we need to conjugate
it to an imaging system. Here, we experimentally perform the emision pattern measurement
by inserting a lens (often known as a Fourier lens) at the side port of the microscope. Thanks
to the configuration of the tube lens and the Fourier lens, the emission pattern image will be

projected onto the detector area of a cooled EM-CCD camera, as shown in Figure 4.7.

EM-CCD stands for Electron Multiplying Charge Coupled Device, a quantitative digital
camera technology that is capable of detecting single photon events while maintaining high
quantum efficiency, achievable by an unique electron multiplying structure built into the sensor.
Unlike a conventional CCD, an EM-CCD is not limited by the readout noise of the output
amplifier. Therefore, it brings an significant improvement to the signal to noise ratio, an

important parameter when the recorded intensity signals are not high enough as in our case.
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Thanks to the Fourier transform properties of the lenses, it is possible for an EM-CCD to map

the angular emission pattern in the back focal plane.

In order to maximize the angular range of the measurements, the numerical aperture of
the objective should be as large as possible. Thus we employ an oil immersion objective with
a numerical aperture of 1.4. In a medium of refractive index n, the numerical aperture is given
by :

NA =nsinbq.. (4.31)

where 6,4, is the maximum collection angle. The numerical aperture is mostly used to describe
the capability of gathering light of an objective. The larger it is, the more flux is collected.
Since the employed objective uses immersion oil with a refractive index of 1.52; which leads to

a maximum collection angle 6 of 67°.

The position of the Fourier lens is set with the help of a He-Ne laser. We send the
collimated laser into the objective from the sample side along its optical axis, so that the laser
will be focused on the back focal plane (Fourier plane). We slightly move the Fourier lens in
order to get the laser spot on the EM-CCD detector area as small as possible to validate the
conjugation. By adjusting the position of Fourier lens and the EM-CCD, a clear image of the

objective’s back aperture plane would be recorded.

4.5 Setup calibrations

In order to confirm that the Fourier plane is well conjugated to the EM-CCD sensor, we
profits the situation that the emitter is deposited on a glass surface. Figure 4.8(a) presents the
emission pattern on the Fourier plane directly imaged by an EM-CCD camera and an oil immer-
sion objective. The emission radiated from point-like emitters on a glass substrate (coverslip).
These emitters are microspheres (about 200um diameter) containing a high concentration of
dye polymer fluorescent molecules at the wavelength of 580-605 nm from ThermoFisher. As
these molecules are randomly oriented, the microspheres are believed to emit isotropically with

no prefered direction.

The photoluminescence of an emitter into the solid angle collected by the microscope
objective appears as a thin ring in the Fourier image, as seen in Figure 4.8(a). The emission
in a certain direction is directed to an unique point on the back focal plane of the objective
(Fourier plane). Therefore, each point in the Fourier plane represents a unique set of polar

and azimuthal angles (6, ¢) of the emission, corresponding to one observation direction (6 is
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CHAPTER 4. EMISSION PATTERN MEASUREMENT AND ANALYSIS

the angle to the optical axis and ¢ is the angle around that axis, as illustrated in Figure 4.6).
For example, a spot located at the edge of the Fourier image represents the emission at a large
angle, given by the numerical aperture of the objective. The center of the image corresponds

to the emission normal to the sample surface.
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FIGURE 4.8: (a) The Fourier plane image by an EMCCD camera from a point-like emitter
on glass surface characterized by an oil immersion objective and (b) its profile along the black
dashed line

Since the dipole emitter is positioned above the glass substrate, the emission light travels
from a medium with low refractive index n; (air) into another with higher index no (glass). As
discussed in subsection 4.2.2, the near field radiation is transformed into propagating field in
the denser medium (ny > ny). This evanescent light can be transmitted through the air-glass
interface, propagating in the direction beyond the critical angle (6. = arcsinn;/ny). The light
at supercritical angles is referred to as forbidden light [93]. It only occurs due to the effect of the
substrate in the vicinity of the emitter. For the emitters situated further than the wavelength
from the interface, there is virtually no evanescent light transmitted into the glass medium.
Therefore, in our experiment, the angle 6 of the wavevector is allowed to be larger than the

critical one of the interface (6. = 41.5°), as presented in Figure 4.5.

Our obtained angular emission pattern as shown in Figure 4.8(a) coincides with established
studies such as in [95] for the case of isotropic emitters near the air-glass interface. The pattern
has two characteristic circular borders forming a ring bar on the outer part of the pattern. The
outer circle is the limit resulting from the maximum collection angle while the inner one is due

to the critical angle at the interface.

To analyze in more details, we plot the profile along the dashed line of this Fourier plane
image in Figure 4.8(b) and matched the limits of this image (pixels 100 and 440) to the angles

—Opmaz and +0,,., (—67° and 67°), leading to the linear correspondence between pixels and
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sinf. More detailed, (440 — 100)/2 = 170 pixels is equivalent to 67°. The two peaks on figure
4.8(b) correspond to the coupling of the evanescent field in the low index medium (air) and
the propagative field in the high index one (glass) which appears at the critical angle 6. Since
the two experimental peaks starts at pixels 164 and 376, we have (376 — 164)/2 = 106 pixels,
referring to the critical angle of 41.8°, which is nearly equal to the theoretical value. Within
the ring bar limited by these two borders, the intensity is larger than in the center of the
pattern, so the forbidden light is more intense than allowed light, as proven in [99] and as
simulated in Figure 4.5. Since the microsphere emits light in all directions, its emission pattern
has its intensity distributed in all azimuthal angles ¢, forming such an uniform distribution
of intensity within the ring bar. All these agreements between our recorded pattern and the

previously calculations confirm the validation of our emission pattern measurement setup.

4.6 Emission pattern measurement and analysis

As mentioned above, we can extract qualitative information on the orientation of the dipole
emitter with respect to the interface by interpreting the recorded emission pattern. We analyze
the image recorded by emission pattern measurement in comparison with several simulated

patterns corresponding to different dipolar dimensionalities and dipolar orientations.

As the emission pattern is proven to be strongly dependent on the kind of objective, the
planar interface, and the distance between the emitter and the interface, we need to find out
the proper conditions where we could distinguish the dipoles with different orientations. In
most typical cases in which the emitters are well separated on a glass coverslip covered by a
layer of PMMA and its emission is observed by an oil-immersion objective with high numerical
aperture in contact with the other side of the glass coverslip, the angular pattern are quite
similar whether the dipole is either an one or two dimensional one, as depicted in Figure
4.9. Therefore, using this configuration is not possible to discriminate between two dipolar

dimensionality.

However, the configuration of an individual emitter sandwiched between a SiOs covered
gold substrate and a PMMA layer and then characterized by the same oil objective is more
promising to distinguish the dipolar dimensionality of the emitting dipole, as presented in
Figure 4.10. We recall the definition of the dipolar orientation (©,®): the polar angle © is
with respect to the z axis of the set up (the direction of propagation) and the azimuthal angle

® is with respect to the x reference axis, as shown in Figure 2.1.
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FIGURE 4.9: The theoretical emission patterns for different dipolar dimensionalities and po-
larizations with the reflection configuration of an individual emitter at a distance of 50 nm to
the PMMA-air interface and its emission is collected by an oil immersion objective NA = 1.4
in contact with the glass substrate: (a) a vertical one dimensional dipole, (b) a horizontal two
dimensional dipole, (c) a horizontal one dimensional dipole, (d) a vertical two dimensional

dipole.
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FIGURE 4.10: The theoretical emission patterns for different dipolar dimensionalities and
polarizations with the configuration of an individual emitter sandwiched between a 50nm SiO,
covered gold substrate and a 50nm PMMA layer with its emission collected by an oil objective
(NA =1.4) in contact with the PMMA: (a) a vertical one dimensional dipole, (b) a horizontal
two dimensional dipole, (¢) a horizontal one dimensional dipole, (d) a vertical two dimensional
dipole.
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For both dipolar nature (one or two dimensional one), when the dipolar orientation is along
the z axis of the setup (© = 0), referring to a vertical one dimensional dipole as Figure 4.10(a)
or a horizontal two dimensional dipole as 4.10(b), the emission is distributed symmetrically
around the z axis. On the other hand, when the dipolar orientation is normal to the z reference
axis (© = 90°), referring to an one dimensional dipole in the sample plane as Figure 4.10(c) or
a two dimensional dipole perpendicular to this plane as 4.10(d), the emission pattern has an
preferred axis with the shape of the centre intensity distribution becomes elongated in different
ways. Especially in the case of © = 0, two patterns show distinct differences between the one
dimensional dipole (isotropic pattern with higher emission intensity for larger angles) and the

two dimensional one (higher emission intensity at the center around the dipolar orientation).

In sum, this technique is applicable to estimate the dipolar dimesionality by choosing
the appropriated sample-objective configuration. In the following chapter, we will use this
procedure for analyzing the Fourier plane images to investigate quantitatively the dipolar di-

mensionality and orientation of the emitter.

Conclusion

The emission pattern provides another method for studying the emission. It allows to esti-
mate the ambiguity in polarimetric measurements. For example, a given value of the degree of
polarization ¢ gives two possible dipolar orientation depending on the 1D or 2D dipolar dimen-
sionality. The complementary emission pattern analysis helps to solve this ambiguous problem.
By choosing a good experimental configuration, we could estimate the dipolar dimensionality,

therefore, the orientation of the dipole can be inferred by the polarimetric measurements.

We later will use this emission pattern imaging together with the emission polarization

measurement to study a new kind of two dimensional nanostructures called nanoplatelets.
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Chapter 5

Determination of a single nanoplatelet

dipole

Introduction

From the theoretical modelling and experimental methods developed in the previous chap-
ters, we characterize here several types of nanoplatelets in order to determine the dimensionality

and the orientation of their emitting dipole.

The nanoplatelets utilized in this study are classified as one kind of the colloidal semicon-
ductor nanostructures. For more than three decades, the semiconductor nanometerials have
been attracting considerable attention due to their outstanding physical and chemical proper-
ties that are distinct from bulk materials [100-104]. It is well known that these properties are
strongly influenced by the shape, size, composition and structure of nanomaterials [105-108].
While a large number of papers have been published on spherical quantum dots [100,109] and
one dimensional nanostructures such as nanorods [105,110], studies on two dimensional nano

or microstructures have emerged recently due to many developments in chemical synthesis.

Among the different shapes of two dimensional nanostructures such as nanosheets [111],
nanoribbons [112], or nanomembranes [113], nanoplatelets are of particular interest thanks to
the successful archievements in thickness control [114-116]. In the last decade, more complex
core/shell nanoplatelets with type I and type II optical transitions have finally been synthe-
sized [117-119]. This expands the field of potential applications for nanoplatelets, especially in
plasmonic/photonic devices as efficient light convertors and lasing with a low amplified spon-

taneous threshold.
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The chapter is organized as follows. In the first section, we introduce general informa-
tions on semiconducting nanoplatelets. Secondly, the details of our studying on CdSe/CdS
nanoplatelets will be described. After briefly mentioning the preparation of the sample, the
details of experimental emission polarimetric measurements and emission pattern imaging are
presented. We perform numerical simulations to obtain the correct dipolar orientation of the
nanoplatelet for a given geometry and to verify the experimental findings. Finally, we focus
on interpretations of the results and address the dipolar dimensionality as well as the dipolar

orientation of the investigated nanoplatelets.

5.1 Colloidal semiconductor nanostructures

5.1.1 Bulk semiconductor material

In general, semiconductor materials are grouped into several classes of similar behavior.
The classification is based on the position of the material in the periodic table of the elements.
An important group of semiconductors is the Group II-VI compounds, which contain two
elements, one from the second and the other from the sixth column of the periodic table. It
is commonly written as A/’ BY! where A denotes Cadmium (Cd), Zinc (Zn) and B denotes
Selenium (Se), Sulfur (S), and Tellurium (Te). Cadmium selenide (CdSe) is one of the best-
known members of the II-VI group and has gained numerous attention due to its potential

applications in transistors [120], light emitting devices [121,122], solar cells [123,124] lasers [125].

Crystal structure
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FIGURE 5.1: The two kinds of crystal structures of CdSe: (a) hexagonal (wurtzite) and (b)
cubic (zinc-blende). Red and green balls represent Cd and Se atoms, respectively [126].
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A crystal structure is composed of a unit cell, a set of atoms arranged in a particular
way, which is periodically repeated in three dimensions on a lattice. Crystalline materials are
thus distinguished thanks to their unique arrangements. Cadmium selenide (CdSe) is a direct
semiconductor having two kinds of structures, namely, the zinc-blende crystal structure and
the wurtzite structure. The bulk CdSe crystal is typically in the wurtzite phase but zinc-blende
CdSe can also be synthesized. Both these crystal structures are depicted in Figure 5.1.

The wurtzite structure are hexagonal and each atoms are tetrahedrally bonded with 4
neighboring atoms of the other element. The zinc-blende structure is characterized by a face-
centered cubic lattice of Se atoms as observed in Figure 5.1(b). Similar to wurtzite structure,

the bonds between atoms are tetrahedrally coordinated.

Excitons

Light absorption within a semiconducting material promotes an electron into the conduc-
tion band and simultaneously leaves behind a hole in the valence band. Both electron and hole
can freely move in the lattice sites. Like all charged particles, since electron and hole possess
opposite charges, there is Coulomb interaction between them. The electron and the hole form
a bound pair which could be viewed as a quasi-particle, so-called an exciton. It is of interest in
a vast range of application such as optical nonlinearities [127], energy transport processes [128],
optical bistability [129], light sensitization in color photography [130], and light harvesting units
in photosynthetic systems [131].

There is a preferred separation distance between the electron and hole probability distri-

butions in an exciton, and this distance is termed the exciton Bohr radius as expressed by:

ag = aoer@ (5.1)

with a¢ denoting the Bohr radius of a hydrogen atom, mg referring to a free electron mass

el being the reduced mass of the exciton. The Bohr radius of
me +my,

the exciton depends on the nature of the material, for example, the values of highly covalent

in vacuum and g =

materials such as group IV or III-V semiconductors is about tens of nanometers while more
ionic materials such as the II-VI or IV-II semiconductors have exciton distances less than 10

nm. The CdSe bulk exciton Bohr radius is ag = 5.6 nm [132].
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5.1.2 Colloidal nanostructures

When a semiconducting system reduces its size from a bulk material to be on the same
order as the exciton Bohr radius, quantum confinement effect occurs. The electronic and
optical properties become size dependent, resulting in significant development for advanced
nanotechnology [133]. For example, quantum confinement changes the continuous energy bands
of a bulk material into discrete, atomic-like energy levels in nanomaterials, leading to a discrete

absorption /emission spectrum.

In a nanostructure, the electron/hole is confined in one or more dimensions. Thanks to
many successful developments in fabrication, it is possible to control the size of the nanos-
tructures in different dimensions. It should be noted that the dimensionality of the material
is referred to as its number of degrees of freedom, therefore, it is opposite to the number of

confined dimension.

Based on their geometry, nanomaterials can be classified as:

« (i) zero dimensional structures (0D) so called as nanoparticles, nanocrystals, and the most
popular name - quantum dots: They are composed of several tens to a few thousand

atoms, with all the electrons are localized (3D confinement);

o (ii) one dimensional materials (1D) which are cylinder-like such as nanowires, nanorods,
and nanotubes with diameters/cross section in the nanoscale and lengths typically in the
micrometer range: The excitons are only free to move along the structure (2D confine-

ment);

o (iii) two dimensional (2D) object, for example, nanosheets, nanoribbons and nanoplatelets
with the thickness of the order of a few nanometers: The electrons are restricted in the

direction perpendicular to the structure (1D confinement).

These three categories are schematized in Figure 5.2.

5.1.2.1 Quantum dots

In 0D nanostructures like quantum dots the carriers are confined in all the three direc-
tions. Since strong confinement is provided, these nanocrystals possess properties that are

strongly dependent on their size and morphology. Their absorption and photoluminescence
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FIGURFE 5.2: Schematic representation of three types of quantum confined colloidal nanostruc-
tures: quantum dots, nanorods, and nanoplatelets [32].

can be controlled precisely by varying their diameter. Therefore, they have emerged as po-
tential light sources in a variety of practical applications, such as photodetectors [134] and

biosensing/bioimaging [135].

Quantum dots are normally made from the II-VI or III-V compounds, for example, CdSe,
CdS, ZnO, InP, InAs. They could be synthesized by many methods, such as chemical vapor
deposition (CVD) [136], physical vapor deposition (PVD) [137], and solution-based approaches.
The wet chemical synthesis has become the most popular because it is simple, low cost, and
mass produced. The size and dispersivity of colloidal quantum dots can be well controlled by
managing the synthesis conditions, such as reaction time, temperature, and surfactants [138].
These organically passivated quantum dots have suffered from nonradiative surface-related trap
states, resulting in low fluorescence quantum yield [139,140]. This could be overcome by growing
layers of an other material to form the core/shell structure, which will efficiently passivate the
surface trap states [141,142], therefore, give rise to quantum yield [143,144]. Moreover, the shell
also acts as a layer protecting the core against the surrounding medium such as environmental
changes or photo-oxidation [140]. Synthesis of colloidal core/shell quantum dots is now a very

developed field of study with many real life applications [145].
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5.1.2.2 Nanorods

One dimensional nanostructures such as rods, wires, and tubes are interesting objects in
the fields of nanomaterials. They share many same properties to quantum dots or nanoplatelets,
such as quantum confinement effects. However, thanks to their geometry, they possess some
characteristics that are difficult to achieve by the other two categories, for example, 1D confined
transport of electrons/photons and excellent mechanical properties [146]. Therefore, these
cylindrical nanomaterials has been studied and introduced in many fields, such as, batteries

[147], solar cells [148], and photoelectrochemical cells [149].

For about twenty years, many researchers have focused on developing one dimensional
semiconductor nanostructures [150,151]. They could be fabricated by both physical and chemi-
cal approaches, for example, lithography, oxide-assisted growth or solution—liquid—solid growth
in organic solvents. In addition, the changeable chemistry of fabricating colloidal core/shell
nanorods enables the formation of some new structural semiconductor heterojunctions like
CdSe/CdS dot-in-rods. Depending on synthetic methods, the morphology-associated proper-
ties and application explorations vary in the vast range. Many oxide II-VI nanomaterials such

as ZnO have already been extensively researched and applied in life [152].

5.1.2.3 Nanoplatelets

Nanoplatelets are a new category of two dimensional materials consisting of a thin crys-
talline slab of inorganic material [28,153]. They are of great interest for fabricating functional
devices due to their high suface to volume ratio, well controlled nanoscale thickness, good opti-
cal and photonic properties. Since the thickness of the nanoplatelet is smaller than the exciton
Bohr radius, while the lateral dimensions are much larger, they can be considered as an atomic
system with high spatial confinement in a single dimension, as shown in Figure 5.2. They have
been grown from a wide variety of materials, but those made from semiconductors give very

promising optical properties [32,154, 155].

These nanoplatelets have electronic properties similar to two-dimensional quantum wells
formed by molecular beam epitaxy, and their emission spectra could be tuned precisely by
their thickness of growth. One of the most common colloidal nanoplatelets are Cadmium based
ones. They are direct semiconductors in the visible region, and synthesized in both crystallite
structures. In 2006, Hyeon and coworkers reported the synthesis of wurtzite CdSe nanoribbons.
Zincblende CdSe nanoplatelets were synthesized in 2008 by Ithurria and Dubertret [116]. The

synthesis is based on a variation of the protocol developed by Cao and co-workers for the syn-
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thesis of zincblende spherical nanocrystals. In contrast with the wurtzite CdSe 2D structures,

the zincblende nanoplatelets have their thickness in the [001] direction.

5.1.3 Core/shell nanoplatelets

FIGURE 5.3: Schematic representation of a core/shell CdSe/CdS nanoplatelet [32].

In order to reduce the nonradiative processes related to the surface, considerable efforts
have been devoted to the optimization of the platelet nanostructures. As already observed in
the case of core/shell quantum dots or nanorods, the growth of core/shell nanoplatelets would
further enlarge the properties and applications of the materials, especially in the fields which
are experimentally limited to epitaxial quantum wells. Therefore, core/shell semiconducting
nanoplatelets have been at the center of intense research for last ten years. Such structures
are believed to enable researchers to take full advantage of nanoplatelet’s optical properties,

resulting in further achievements in photonics, nanoscale lasers and other nonlinear optical
devices [156-160).

The core/shell CdSe/CdS nanoplatelets with quantum yield up to 80% is sucessfully syn-
thesized in [117]. The shell deposition induces a strong redshift of both the light hole and
heavy hole transitions, as seen in Figure 5.4(b). This shift is stronger than the shift observed
when a CdS shell is grown on a CdSe spherical dot of which the emission wavelength is close
to the CdSe core nanoplatelet one. It is explained by Tessier et al [117] that in the case of
a free electron in vacuum the ground-state energy in a quantum well with a thickness d is
identical to the ground-state energy in a spherical quantum dot with a diameter 2d. The shell
deposition also helps to reduce the fluorescence intermittency (blinking) at the single particle
level. The third effect of the shell growth is that the lifetime increases compared to the core-
only-nanoplatelet, as seen in Figure 5.4(d). The CdSe/CdS nanoplatelets are characterized as

quantum well structure due to energy gap difference between the core CdSe and the shell CdS,
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FIGURE 5.4: (a) TEM image of core/shell CdSe/CdZnS nanoplatelets and their schemat-
ics. (b) Absorption spectra of solutions of core CdSe nanoplatelets (gray) and CdSe/CdZnS
nanoplatelets (black). (c) Photoluminescence spectra of solutions of core CdSe nanoplatelets
(gray) and CdSe/CdZnS nanoplatelets (black). (d) Intensity decay of solutions of core CdSe
nanoplatelets (gray) and CdSe/CdZnS nanoplatelets (black). All measurements were done at
room temperature [117].

however, their optical characteristics and further enhancement of the emission in nanodevices

remains to be investigated.

5.2 CdSe/CdS nanoplatelets

5.2.1 Characterizations of nanostructure and morphology

Among the enormous variety of nanoscale semiconductor materials, the nanostructures
chosen for this study are the core/shell CdSe/CdS nanoplatelets. They are chemically syn-
thesized by the research team of Benoit Dubertret, at ESPCI. These nanoplatelets consist of
a CdSe core between two CdS shell layers, with different structural shapes as schematized in

Figure 5.5.

The CdSe core nanoplatelets were prepared following the protocol as published in [116].
In brief, cadmium myristate is mixed with selenium powder in octadecene and heated to 240°C.
When the temperature reaches 180°C, an acetate salt is injected into the solution and CdSe

nanoplatelets are formed. The thickness of these platelets is only several atomic layers and can
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FIGURE 5.5: Schematic representations and TEM images of the square, rectangular, and cubic

nanoplatelets, respectively. All the TEM measurements were performed by Benoit Dubertret s
team.

be accurately controlled. They grow in the zinc blende phase, along a [001] axis. The exposed
[001] surface is atomically flat, while the other [100] and [010] directions can extend to roughly
100 nm, depending on the reaction time [161]. The shell growth is accomplished by an one-pot
method [117,162]. This approach is based on the in situ generation of hydrogen sulfide by the
reaction of thioacetamide with octylamine [163]. By adding cadmium source continuously, the
reaction is kept performing for a few hours until nanoplatelets with a desired thickness and
lateral sizes are obtained. The transmission electron microscope (TEM) images of the square,

rectangular, and cubic structures are also presented in the figure 5.5.

TEM samples are prepared by drop-casting diluted nanoplatelet solutions onto carbon
coated copper grids. The diluted concentration is chosen (~ 1078M) in order to prevent
the gathering of nanoplatelets. From these TEM images, three dimensions of the square
nanoplatelet is approximately estimated about (16 + 2 nm) long x (16 £ 2 nm) wide x 2
nm thick. The rectangular nanoplatelets have the same width and thickness but they measure
longer length of 20 & 3 nm. The cubic nanoplatelets have the same length and width as the
square one, but with much thicker CdS shell layers; therefore, their total thickness are briefly

from 10 to 15 nm.

We assume that their two dimensions (width and length) equal to:

lo=lo(1— Al) (5.2)
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I = lo(1 + Al) (5.3)

The size factor is thus defined as:

lo — I
Al =
Iy + 1y

(5.4)

which ranges from 0 (square nanoplatelets [; = l5) to 1 (very elongated rectangles I; < ly).
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FIGURE 5.6: Histogram of the size ratio Al measured for (a) 69 square nanoplatelets and for
(b) 88 rectangular platelets.

From the values of the width and the length of the platelets obtained from the TEM
images, the size factor Al of 69 square nanoplatelets and 88 rectangular ones are calculated
and then histogrammed in Figure 5.6 (a) and (b), respectively. For the square nanoplatelets,
the Al factor ranges from 0 to 0.08, referring to a slightly structural elongation. On the other
hand, in the case of rectanglar nanoplatelets, the deviation of Al is much larger (between 0.02

and 0.24), affirming their rectangular shape.

5.2.2 Optical properties of the colloidal nanoplatelets

Figure 5.7 presents the normalized absorption and photoluminescent spectra of two dif-
ferent types of colloidal nanoplatelets at room temperature. Our excitation laser at 450nm is
in the good range of nanoplatelet’s absorption. The emission wavelength is centered at about

650-660 nm for all types of nanoplatelets.

In both cases of square and rectangular nanoplatelets, the photoluminescent spectrum is
sharp and narrow: its emission bandwidth is less than 20 nm, smaller than the typical value
obtained for the spherical core/shell CdSe/CdS quantum dots (25-30 nm). It refers to minimal

surface trapping, as expected in these atomically flat core/shell nanoplatelets. These narrow
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FIGURE 5.7: Room temperature normalized absorption and photoluminescent spectra of the col-
loidal square and rectangular nanoplatelets. All these measurements were performed by Benoit
Dubertret's team.

spectra with very low inhomogenous broadening also confirm that the chemical synthesis is so

accurately controlled that the nanoplatelets form with no much difference in thickness.

5.2.3 Optical properties of a single nanoplatelet

We perform photoluminescence intensity and photoluminescence decay profile measure-
ments for some individual square nanoplatelets deposited on the glass substrate when the oil
objective is in contact with the other side of the substrate without emitters, as schematized in
Figure 5.8(a). These nanoplatelets are excited by a pulsed laser at the wavelength of 450 nm
and the repetition rate of 25 MHz.

Figure 5.8(b) describes the photoluminescent intensity of some square individual nanoplatelets
under the constant lasing excitation energy. Their fluctuation, or blinking, confirms that the
emitters are single and well isolated. Different from the typical core/shell CdSe/CdS quantum
dots, the emission of the square nanoplatelets is not really stable as a dark state (no emission

state) is clearly observed.

The photoluminescent decay profiles of these mentioned square nanoplatelets are shown
in Figure 5.8(c). These curves fit to a biexponential function f(t) = Ae™¥/™ 4 Be /™ + C
with time constant 7; about 9-12 ns and 7 about 37-40 ns. It brings up a question why we
have a biexponential fitting. Since the photoluminescent decay profile reflects the contribution

of non-radiative and radiative emission, there could be two hypotheses.

In the first one, the quick decay is due to non-radiative channels which accelerate the

decay rate. It may result from charges or surface defects. Then the long lifetime corresponds to
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FIGURE 5.8: (a) Schematic of experimental configuration. (b) Detected photoluminescent
intensity as a function of time 5 individual square nanoplatelets on a glass substrate with the
same excitation energy. (c) Their corresponding photoluminescent decay profiles in semilog

scale. (d) The decay profile of emitter numbered 3 is fitted with the biexponential function
ft)=Ae¥/m 4 Be /™ 4 C.

100



CHAPTER 5. DETERMINATION OF A SINGLE NANOPLATELET DIPOLE

the exciton emission. The other hypothesis developed in [164] is that the surface traps induce
the localization of the hole wave function, resulting in a longer emission lifetime. In this case,

the bandgap emission corresponds to the short decay.

5.3 Preparation of samples

We will characterize all three types of nanoplatelets with the same experimental setup
which has mentioned in the previous chapter. The photoluminescence of an individual nanoplatelet

was analyzed both in terms of polarization characterization and emission pattern, as observed

in Figure 5.9(a).

The sample consisted of well separated emitters on a clean SiOs covered gold substrate.
This substrate was made of a silicon wafer covered by 200 nm of gold (thermal evaporation)
and 50 nm of Si0, (ion-assisted deposition), respectively. The nanoplatelets were spin coated
onto the SiO, surface with a density of around 1 emitter per 3 pm? and then covered by 50 nm
of polymethylmetacrylate (PMMA) for protection. The oil objective was introduced directly in
contact with the PMMA layer. As the reflective indices of oil, silica and PMMA are all close
to 1.5, it could be considered that the emitters are in a dielectric semi-infinite medium with
the index of 1.5 and at a distance of 50 nm from the PMMA-gold interface, corresponding to
objective-sample confuguration (ii). It should be noted that this very low concentration of the

emitters on the substrate is important to ensure the independence of single emitter analysis.

a) b) 5=1(0)
1
i Gold (200 nm) 09 1D

—— SiO, (50 nm) 08

“\ 02 0.7 2D
/ >—< PMMA (50 nm) 5 06
0.5
Nanoplatelet Oil objective (NA =1.4) 04
0.3
0.2
————— Polarimetric analysis o1

‘—— Fourier plane image
0 02 04 06 08 1 12 14 16

O (rad)
FIGURE 5.9: (a) Schematic of the experimental sample structure and (b) Theoretical values
of the degree of polarization § as a function of the dipolar angle © (dipolar orientation) for
an one dimensional dipole (blue line) or a two dimensional dipole (red line), calculated in the
objective-sample configuration (ii) when nanoplatelets is at a distance of 50 nm to the PMMA-
gold interface and their emission is collected by an oil objective NA = 1.4 ).

Figure 5.9(b) shows the theoretical values of the degree of polarization ¢ as a function of
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the polar angle © for an one or two dimensional dipole in the case of reflection configuration
which has schematized in Figure 5.9(a). We recall that the dipolar azimuthal angle ® could
be derived from the polarization analysis angle 8 by fitting the normalized polarimetric curves

with the following equation:

1(8) = Lin + (Imaz — Imin) c08*(®" — f3) (5.5)
with ® = & for an one dimensional dipole whereas ' = ® + 7/2 for a two dimensional dipole.

After the polarimetric analysis on the photoluminescence is presented, the emitting dipolar
orientation (©,®) of a single nanoplatelet is extracted by using the theoretical framework

discussed in Chapter 3 and 4.

5.4 Square and rectangular nanoplatelets

We consider the nanoplatelets with their thickness of 2 mm which is smaller than the
exiton Bohn radius, corresponding to an one dimensional confined nanostructure. There are

two investigating shape: square (16 x 16 nm?) and rectangle (15 x 20 nm?).

5.4.1 Square nanoplatelets

We firstly performed the polarization measurement and the emission pattern measurement
for several individual square nanoplatelets, respectively. Figure 5.10 presents the normalized
polarimetric curves (a) and the corresponding emission patterns (b) of four well isolated square
nanoplatelets deposited on the Si0O, covered gold substrate with PMMA protection layer. The
polarimetric results gives similar very weak polarizations while all the emission patterns are

the most intense at the center.

Figure 5.10(a) presents the photoluminescence polarization analysis of typical square
nanoplatelets. The detected intensity after being normalized by the total intensity is plotted
as a function of the halfwave plate’s rotating angle w which is half of the angle of polarization
analysis § (w = /2). This curve is well described by Equation 5.5 (red line), and we find a
degree of polarization § = ﬁ of 0.02 to 0.04. The values of the azimuthal angle ®

(extracting from the phase of the polarimetric curves) are randomly distributed as expected

from the spin-coating deposition.
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FIGURE 5.10: Square nanoplatelets: (a) Blue circles: normalized intensity as a function of
the rotating angle w of the halfwave plate; solid red line: fitting of the experimental curve with
Equation 5.5 and (b) Their corresponding recorded emission patterns. The objective-sample
configuration is schematized in Figure 5.9(a).

We continue this polarimetric measurement for a collection of square nanoplatelets then
plot a histogram of the obtained values of the degree of polarization ¢ as displayed in Figure
5.11(a). The values of ¢ is less than 0.1 for all characterized emitters, with a very low dispersion,

corresponding to the polar angle © & 0 as given by the theoretical curve in Figure 5.9(b).

a) 3

NS}
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—_

0

0 02 04 06 08 1

Degree of polarization &

b)
=0
d ®=0 nanoplatelet
/ b sample plane / (_d#_ﬁ /
1D dipole 2D degenerate dipole

FIGURE 5.11: Square nanoplatelets: (a) Histogram of the degree of polarization 6 measured
for 13 emitters and (b) Proposed schematics of a emitter's dipole.

The photoluminescence is thus, for each nanoplatelet, nearly unpolarized. From the polari-

metric model, the result © ~ 0 leads to two possible interpretations. As the square nanoplatelet
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is atomically flat, we can describe each platelet as lying on the sample plane with either an
one dimensional dipole along the z direction (perpendicular to the sample plane) or a two di-
mensional dipole in the (z,y) sample plane, as schematized in Figure 5.11(b). We now turn
to the emission pattern measurement in order to discriminate between these two ambiguous

interpreting cases.
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FIGURFE 5.12: In the configuration of an individual emitter sandwiched between a 50nm SiO,
covered gold substrate and a 50nm PMMA layer with its emission collected by an oil objective
(NA = 1.4) in contact with the PMMA: (a) the experimental Fourier image, (b) the emission
pattern simulated for an one dimensional dipole along z direction, and (c) the pattern simulated
for a two dimensional dipole in the (x,y) sample plane.

As discussed in the last section of the previous chapter, the Fourier plane imaging pro-
vides a practical mean to distinguish clearly between one and two dimensional dipoles. In the
experimental Fourier plane images shown in Figure 5.10(b), the high intensive emission are
centered along the optical axis of the emitters, and the intensity decreases toward the outer
side of the pattern isotropically. Figure 5.12 shows the comparison between the experimental
image (a) and the simulated pattern for two types of dipole (b) and (c). The captured pattern
completely disagrees with the simulated pattern for a case of one dimensional dipole (Figure
5.12(b)) but quite similar to the simulation of a two dimensional one (Figure 5.12(c)), referring

to a 2D dipolar dimensionality.

More detailed analysis has been employed in order to compare the experimental Fourier
plane images with the theoretical emission pattern of a two dimensional dipole with the dipo-

lar orientation © = 0. Figure 5.13(a) presents the comparison between the emission dia-
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gram dP/d) as the function of the observation direction (€, ¢) measured for a given square
nanoplatelet and simulated for a horizontal two dimensional dipole (the polar angle to the z

axis of the setup © = 0).
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FIGURE 5.13: a) Measured (left) and simulated (right) emission diagram as a function of the
emission directions (0,¢); b) Measured angular emission intensity distribution (green circles
for ¢ = 0 while blue circles for ¢ = 90°) and simulated emission pattern along any in-plane
direction ¢ (green solid line) as a function of the emitting angle 0. Noted that the measurements
are performed on square nanoplatelets in the PMMA half-space at a distance of 50 nm to the
PMMA-gold interface (Figure 5.9(a)) and the simulation are calculated for a horizontal two
dimensional dipole (© = 0) in the same interface configuation.

It should be noted that in the measured emission diagram, the angular coordinates (6, ¢)
are calculated by interpolating from the (x,y) coordinates of the Fourier plane into the (k, k)
coordinates of the EM-CCD detecting plane (k, = r cos¢ = f sinf cos¢ and k, = r sin¢ =
f sin@ sin ¢). Therefore, the data with small @ is averaged over less pixels of the camera than
the data with higher 6, resulting in the presence of more noises at small 6 in the measured
image than the calculated one as observed in Figure 5.13(a). Moreover, we observe a contant
emission flux with respect to ¢ in the range of imaging noise. On the contrary, the emission
intensity decreases while the angle 6 increases. The result clearly confirms that the intensity is
the most intense at the center of the measured emission pattern. It also agrees well with the

theoretical data calculated for a two dimensional dipole with © = 0.

Since the emission is isotropic around the axis of the emitter, we could plot the measured
angular pattern profile along any in-plane direction ¢, for example, 0 and 90° presented as green

and blue circles respectively in Figure 5.13(b). As the theoretical pattern is not dependent on
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the in-plane direction ¢, its profile is demonstrated by a green solid line corresponding to
any value of ¢. The good fitting between the theoretical profile and these experimental data
indicates that the nanoplatelets photoluminescence originates from a two dimensional dipole

oriented perpendicularly to the sample plane.

I Square nanoplatelet
mm so,
= Gold

FIGURFE 5.14: The schematic representations of ultrathin nanoplatelets and their two dimen-
tional emitting dipole on the substrate.

Thanks to the 2 dimensional structural geometry of nanoplatelets, all these ultrathin
emitters definitely lie on the substrate as observed in TEM images in Figure 5.5(b), so their two
dimensional dipoles are in the plane of the nanoplatelets themselves. Therefore, the orientation
of their emitting dipole is the same for all ultrathin nanoplatelets, as schematized in Figure
5.14.

5.4.2 Rectangular nanoplatelets

5.4.2.1 Polarized emission

Since the emission from some square nanoplatelets is found to be slightly polarized (less
than 10%), it can be assumed that such a weak polarization may due to a slightly rectangular
shape of the platelets, as observed in Figure 5.6. The emission polarization and emission
pattern measurements have been then repeated with the second kind of nanoplatelets - the
rectangular ones. The original idea is to understand if the shape of the nanoplatelet could have

any influence on the polarization state of its emission.

Figure 5.15(c) shows a histogram of the obtained values of the degree of polarization § of
18 individual rectangular nanoplatelets. The value of § varies from 10% to 30%, higher than of
the square nanoplatelets. This result suggests that the emission polarization is related mainly
to the geometric aspect ratio of the nanoplatelet. The large variation of the histogram of the

measured degree of polarization leads us to two hypotheses.

The first interpretation for this polarized emission is that the dipolar orientation of the

two dimensional emitting dipole may be tilted (© # 0), which seems to be abnormal since
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FIGURE 5.15: Rectangular nanoplatelets: (a) Schematic of the objective-sample configuration.
(b) Measured polarimetric emission analysis with blue circles presenting normalized intensity
as a function of the rotating angle w of the halfwave plate and a solid red line for the fitting of
the experimental curve with Equation 5.5. (c¢) Histogram of degree of polarization § measured
for 18 nanoplatelets.

the nanoplatelet is supposed to lie on the substrate due to its morphological characteristics.
However, as the emitters are chemically synthesized, it may either result from defects in the
crystalline structure or just because the platelet imperfectly horizontally lies on the substrate,

as illustrated in Figure 5.16(a).

Another explanation of the polarized emission we propose, is that the two dimensional
dipole can not be modelled by a sum of two degenerate orthogonal one dimensional dipoles (d; =
dy = d), but by non-degenerate dipoles with d; # dy (corresponds to Oéom and (Zom
in relative units), as described in 5.16(b). The possible values of the dipolar asymmetric factor
n is from -1 to 1 as it is not necessary to know exactly which component dipole is oscillated

more strongly.

5.4.2.2 Relevant hypotheses raised by emission pattern analysis

The present experimental configuration does not enable us to distinguish between these
two hypotheses because their corresponding simulated emission patterns are quite similar. How-
ever, the difference between these two ambiguous interpretations is clearly observed when we
consider an other objective-sample configuration. Figure 5.16(c) illustrates the new interface
configuration: The emitters are well spin-coated on the glass substrate and their emission is
collected by an oil objective with the numerical aperture of 1.4 in contact with the side without
emitters of the substrate. Since the refractive indices of glass and oil are very close to each
other, it is considered as the nanoplatelets are at the air half-space of the air-glass interface.
The simulated Fourier plane images of a tilted two dimensional dipole with ©® = 30° and a

non-degenerate dipole by a dipolar asymmetric factor n of 0.2 are described in Figure 5.16(d)

107



5.4 Square and rectangular nanoplatelets

and (e) respectively.
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FIGURE 5.16: The schematic representations of two interpretations for the nanoplatelet’s
emitting dipoles (a,b) and their corresponding simulation of Fourier plane images (d,e) in the
case of emitters directly positioned on glass substrate with an oil objective (NA - 1.4) in contact
with the other side of the substrate as schematized in (c).

Both calculated images Figure 5.16(d) and (e) present a clear ring at the critical angle
0. corresponding to the total internal reflection at the air-glass interface. However, there is a
qualitative difference between these two images. In the pattern of a degenerate dipole oriented
at © = 30° with respect to the z reference axis, the emission part inside this ring is asymmetric.
On the other hand, if the emitting dipole does not present the same energy along two different
orthorgonal directions (a non-degenerate dipole), the emission part inside the ring has an axial
symmetry while the ring itself no longer remains isotropic. Therefore, we perform the emission

pattern measurements with the configuration described in Figure 5.16(c).

The measured Fourier plane image as presented in Figure 5.17 concides with the second
hypothesis, indicating that the luminescence from rectangular nanoplatelets can be modelled
as originating from a horizontal two dimensional dipole consisting of two non-degenerate one

dimensional dipoles (d; # ds).
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FIGURFE 5.17: Emission pattern image measured from a rectangular nanoplatelet positioned on
the glass substrate in contact with an oil objective as shematized in Figure 5.16(c).

5.4.2.3 Emission polarization analysis

Let us consider 2 linear dipoles d; and ds lying in the (z,y) plane, both of them have
©; = Oy = © = 90°; moreover, we assume that d; has & = ® + 7/2 then for the case of d,
¢, = & + 7, so that they are orthogonal.

As mentioned in the theoretical modelling, we could adjust the emitted photoluminescence

signal as a function of the rotating polarization analyzing angle 3 as the followings:
P(B) = Ppin + (Praz — Puin) cos*(®' — B3) (5.6)
with an one dimensional dipole
Pin = A sin?© + B cos® © (5.7)

Prnaz — Ppin = C sin® © (5.8)

where P,,;, and P, stand for the minimum and maximum detected signals, and A, B, C
could be calculated from the Fresnel reflective index (which is different in different cases of the
interface configuration between the sample and the objective) and the numerical aperture of

the objective.

In the case of an one dimensional dipole, & = &, the detected intensity is maximum when
the axis of polarization [ is aligned with the axis of the dipole (8 = ®). Since © = 90°, we
could simplify P(83) = A + C cos*(® — 3). Therefore, the total emitting power of the linear
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dipole d; and ds respectively:

Pi(B) = 1+2| nl (A + C sin®(® — 5)) (5.9)

Py(B) = 1_2“7' (A+C cos?(®@ — ) (5.10)

where 7 denoting the dipolar asymmetric factor corresponding to the difference between two

component dipoles d; and d».

Finally, the total signal detected from a two dimensional dipole consisting of two non-

degenerate one dimensional dipoles:

> P=Pi(B)+ P(B)

1+ . 1—
= 2|77 |[A+Cs1n2((1>—5)]+ 2|77 |[A+Ccos2(<1>—5)] (5.11)
a4+ 8o @ - )
2 2
As —1 < cos[2(® — )] < 1 and 0 <[ n | we have:
¢ _Cln|
P = A4+ = — A2
¢ Cln]
Proe=A4+—+—— 1
The degree of the linear polarization is defined as:
Pma:r - szn C
= [ 7] (5.14)

:Pmax+Pmin _2A+C

This linear theoretical relation between the degree of polarization of the emission ¢ and the
dipolar asymmetric factor n of the emitting dipole is plotted in Figure 5.18(b). For example,
in the case of a rectangular nanoplatelet placed on the glass substrate in contact with an oil
objective as schematized in Figure 5.18(a), we obtain the degree of polarization of its emission

d = 0.15 from the polarimetric curve presented in Figure 5.18(c). Since ~ 0.75 for the

2A+C
air-glass interface, it implies that the factor n = 0.2.
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FIGURE 5.18: (a) Schematic of the investigated objective-sample configuration. (b) Theoretical
relation between the emission degree of polarization o and the dipolar asymmetric factor n cal-
culated for the air-glass interface. (c) Emission polarimetric curve measured from a rectangular
nanoplatelet at air-glass interface.

5.4.2.4 Comparison between Emission polarization analysis and Emission pattern

analysis

Futhermore, it is possible to determine the dipolar asymmetric factor n from the emission
pattern measurement. Characterizing an individual rectangular nanoplatelet at the air-glass
interface as illustrated in Figure 5.18(a), we plot the experimental emission pattern (circles)
and then compare with the data simulated with different values of 7 (solid lines) for a horizontal
two dimensional dipole with in-plane orientation ®,,,, (green) and ®,,4, +90° (blue) in Figure

5.19 with @4, is estimated from the polarimetric curve shown in Figure 5.18(c).

n=0.15 n=0.23

_‘ 60°

-]90°

FIGURE 5.19: Comparison of the measured emission pattern (cirles) from a rectangular
nanoplatelet and the calculated emission pattern (solid lines) with a two dimensional dipole
oriented at © = 0 and ® = P4, (extracted from the emission polarimetric curve of the
same emitter) having the component strength ratio n along the direction of ®pa. (green) and
D00 + 90°(blue). The chosen configuration is the air-glass interface as illustrated in Figure

5.18(a).

The captured emission pattern is fitted the best when n = 0.23. This agreement confirms

that the hyphothesis of the rectangular nanoplatelets being a sum of two orthorgonal component
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dipoles with different osillator strengths fits quantitatively with the experimental data. And
when 1 < 0.15 or n > 0.3, the fitting obiviously gets worse. The factor n for this emitter is
then determined to be between 0.15 and 0.3. Thus, this fitting analysis could estimate a factor
n with a uncertainty of £0.08. The accuracy is principally limited by the signal-to-noise ratio

for the emission at small angles.

On the other hand, the factor n can also be determined by emission polarization measure-

ments with the uncertanity of:
24+ C

C

Since the uncertainty of the polarimetric measurements is d6(©) = 0.04, we have dn = 0.05.

dn

ds(©) (5.15)
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FIGURE 5.20: Comparison of the dipolar asymmetric factor n extracted from emission pat-
tern measurement and from emission polarization measurement for 4 different rectangular
nanoplatelets.

Figure 5.20 pictures the correspondance between the values of the dipolar asymmetric
factor 7 extracted from emission polarization measurements (7 is calculated from the experi-
mental degree of polarization by Equation 5.22) and the values estimated by fitting analysis
of the emission pattern for 4 different rectangular nanoplatelets. The linear function between
two values confirms the correlation between two approaching ways in order to determine the

dipolar orientation: emission polarimetric and emission pattern analysis.

5.4.3 Origin of the emission polarization

Further studies on a collection of rectangular nanoplatelets with different aspect ratios
would give a more detailed idea of the mechanism by which the rectangular shape of the

emitter influences on its emission polarization.

The value of the dipolar asymmetric factor n of 13 characterizing square emitters is calcu-
~ 0.98 for the PMMA-gold

lated from their degree of polarization (Figure 5.11(a)) with AL C
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interface as schematized in Figure 5.21(a). All the data obtained are smaller than 0.1. Their
histogram is then prensented in Figure 5.21(b). We performed the same study with 18 rectan-
gular nanoplatelets (Figure 5.15). The factor n in the case of rectangular nanoplatelets varies
between 0.1 and 0.3, larger and wider comparing to square ones (n < 0.1), as shown in Figure

5.21(b) and (c).
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FIGURE 5.21: (a) Schematic of the investigated objective-sample configuration. Histogram of
the dipolar asymmetric factor n measured for (b) 13 square platelets and (c) for 18 rectangular
platelets.

When studying the square nanoplatelets, we obtain the dipolar asymmetric factor n in
the range between 0 and 0.08, similarly to their size factor Al histogrammed in Figure 5.6 (a).
For the rectangular nanoplatelets, n varies from 0.1 to 0.3. These results are in a quantitative
agreement with the corresponding histograms of the size factor Al observed in Figure 5.6
(b). Tt should be noted that the group of investigated nanoplatelets are different in 1 and Al
histograms. Information on the size and morphology of the nanoplatelets provided by TEM
images together with emission polarization measurements confirms the relation between the
polarization state of the emission and the nanoplatelet’s shape. For square nanoplatelets, the
emission is unpolarized and their emission pattern is symmetric while in the case of rectangles,

there are polarized emision and asymmetric emission pattern.

However, since the thickness of both kinds of nanoplatelets are smaller than the exciton
Bohr radius, the electron-hole pairs are confined in this dimension, so that the two other
dimensions should not affect the emission (the electron-hole transition). Therefore, we have
to understand the origin of the emission asymmetry (polarization and emission pattern). Our
hypothesis is that the emitting dipole is modified by an optical effect. The fact that the
nanoplatelet could be considered as a dielectric antenna brings an explanation about the origin
of polarized emission of rectangular nanoplatelets: because of the large difference in indices

between the nanostructure and the surrounding medium, the antenna effect would enhance the
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emission along a given direction, resulting in changing the emission polarization and emission

pattern. In the following lines, we will analyze and discuss this hypothesis.

Let us consider a point-like dipole emitter inside a dielectric structure of which three
dimensions are the same as the nanoplatelet and its index of 2.59 (the index of CdSe bulk). We
compare the emission pattern of two cases: an asymmetric two dimensional dipole (n = 0.2)
inside a square nanoplatelet (15 x 15 x 2 nm?) and a symmetric two dimensional dipole ( = 0)
inside a rectangular nanoplatelet (20 x 15 x 2 nm?), as shown in Figure 5.22. It should be
noted that on the contrary to the former simulation of the emission pattern, our simulations
here are done with a finite element numerical method which takes into account the dielectric

difference between the nanoplatelet and its surrounding medium.

(a) Square nanoplatelet (b) Rectangular nanoplatelet

glass platelet
n=0.2 n=0
00
oil objective g )
(NA=14) -60° / 60°
—_— ¢ = OO _750 750
— $=90°

FIGURE 5.22: Comparison between calculated emission patterns (emitting along the direction
of ¢ = 0° lined in red while along ¢ = 90° direction lined in blue) in the case of (a) square
nanoplatelets (asymmetric two dimensional dipole n = 0.2) and (b) rectangular nanoplatelets
(symmetric two dimensional dipole n = 0). We set the index of the nanoplatelets equal to
2.59 and perform simulations with the air-glass interface configuration as presented in Figure

5.16(c).

The chosen simulating configuration is the air-glass interface as schematized in Figure
5.16(c) where the emission is collected in the glass half-space. In the case of the asymmetric
dipole inside the square nanoplatelet, there is stronger emission along the direction of ¢ = 90°
(the y reference axis), as observed in Figure 5.22(a). On the other hand, for the symmetric
dipole in the rectangular nanoplatelet having the elongated shape along the x axis, the induced
dielectric antenna effect is more confinement in the y dimension. The emission is thus enhanced

along the y direction in far field.

The same asymmetric emssion observed in two considering cases addresses the conclusion
that a rectangular nanoplatelet can be modelled as an asymmetric two dimensional dipole
(d, # d,) without considering the surrounding medium or as a symmetric two dimensional

dipole within a rectangular nanostructure of finite sizes. However, since the lateral size of
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the nanoplatelets is much smaller than their exciton Bohr radius, the emitting dipole should
not be sensitive to the size of nanoplatelets and then could be considered as a symmetric two
dimensional dipole. Therefore, the polarized emission results from the dielectric antenna effect

induced by the elongated shape of the rectangular nanoplatelets.

Moreover, the two dipolar dimensionality is in agreement with expected behaviors of an
ideal thin quantum well. Since the thickness is much smaller than their exciton Bohr radius, the
quantum confinement strongly happens along this direction, resulting in the separation between
the heavy holes and light holes, therefore, emission only results from the recombination of
electrons and heavy holes [28]. The electron-heavy holes has either +1 or £2 angular momentum
[165], but only the degenerate 1 transitions are optically allowed so that it could contribute to
the emission [166]. A two dimensional dipole can thus be described as a sum of two orthogonal

linear dipoles which is equivalent to an incoherent sum of +1 transitions.

5.5 Cubic nanoplatelets

5.5.1 The emission polarization of the nanoplatelet dipole

The sample is prepared with the configuration as schematized in Figure 5.25(a): emitters
are in PMMA half-space and at a distance of 50 nm to the PMMA-gold interface. The emission
from an isolated cubic nanoplatelet is characterized in term of polarization analysis and emission
pattern imaging, respectively. Since the nanoplatelet has cubic shape, the emitter lies randomly
on the substrate either by its flat surface or its side face, as observed in TEM image in Figure
5.23(a). The average size of the cubic nanoplatelet is 16 x 16 x 10 nm?, therefore, when it
lies on its flat surface, it appears as a square in the TEM image. On the contrary, the one
standing on its side face is presented as a rectangle with a thin string at the symmetric axis
corresponding to the core nanoplatelet. These two positioning cases of the cubic nanoplatelets
on the substrate induce two different polarization in the collected emission. Most nanoplatelets
emit light which is much less polarized while there are some platelets giving highly polarized
emission. Figure 5.24 shows the histogram of the the size ratio A [ of their flat surfaces measured
for 36 lying nanoplatelets. This distribution is similar with the data we obtain in the case of

square nanoplatelets.
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a)

Platelets with
high polarization Gold (200 nm)

Platelets with ~ ;-----=---no_- ,
low polarization ' Si0, (50 nm)
CdS shell

CdSe Core

FIGURE 5.23: Cubic nanoplatelets: (a) TEM image and (b) the corresponding schematic
representation of dipole positioning on the substrate. For the nanoplatelet lying on its flat
surface, its emitting dipole is in the plane parallel to the substrate, appearing as a square in
the TEM image and its emission is less polarized; while the nanoplatelet standing on its side
face presents the core nanoplatelet perpendicular to the substrate, depicted as a rectangle in the
TEM image with a thin string at the symmetric axis corresponding to the core nanoplatelet. It
should be noted that the reference (x,y) plane is the substrate s plane.

12

10

# emitter
N

0 02 04 06 08 1
Al

FIGURE 5.2/: Histogram of the size ratio Al of the flat surfaces measured for 36 lying cubic
nanoplatelets in Figure 5.23(a).
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5.5.2 Emission polarization analysis

5.5.2.1 Qualitative discussion
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FIGURE 5.25: (a) Sechematic of the cubic nanoplatelets configuration. (b) Histograms of the
values of degree of polarization § measured for 10 investigated nanoplatelets which either lie
horizontally on the substrate (blue) or stand vertically on its side face (green). Polarimetric
comparison of two emitters with very different emission polarization: (c¢) 6 = 0.08 and (d)
0=0.79.

For most investigated cubic nanoplatelets, their polarimetric curve, as displayed in Figure
5.25(c), are similar to the results of square platelets. Their degree of polarization (blue his-
togram bars in Figure 5.25(b)) vary from 0 to 0.08, referring to nearly unpolarized emission.
It bring us to the idea that these emitters are horizontal two dimensional dipoles (© = 0) and

they lie by their flat surface on the substrate, like the square nanoplatelets.

On the other hand, there are some nanoplatelets of which the emission are much more
polarized, with a degree of polarization ¢ in the range from 0.79 to 0.88, as displayed by
green histogram bars in Figure 5.25(b). As discussed in Figure 5.9(c), when ¢ reaches its

possible theoretical maximum value, the out-plane orientation © also gets close to its maximum
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(© ~ 90°). It indicates that the dipolar orientation is such that the two dimensional dipole
would be composed of one linear dipole along the (z,y) plane and the other component dipole
is oriented vertically to the (x,y) plane. Thus, the nanoplatelets stand by its side face as
schematized in Figure 5.23(b). The in-plane orientation ®,,,., the direction along which the
emission is polarized the most, randomly distributes in all directions. It should be noted that
in the histogram of degree of polarization of cubic nanoplatelets presented in Figure 5.25(b),
two cases of emitters with different positionings are chosen to be investigated, therefore, the
proportion between two positioning cases is not representative for their distribution on the
substrate. The lying nanoplatelets are far more probable than the standing one (about 90% of

the emitters lying on the substrate).

5.5.2.2 Quatitative discussion

As shown in the TEM image in Figure 5.23(a) and its corresponding histogram in Figure
5.24, the lateral shape of the cubic nanoplatelets is not perfectly square but close to be rectan-
gular (0 < Al < 0.08). We have observed similar size distribution with the so-called ’square’
nanoplatelets which present slightly elongated direction like rectangular one, as shown in Figure

5.6. In the case of rectangular emitters, we have developed a model for discussing the emission

d d,
polarization by using 2 dipolar components d; # ds with d; = 50\/1 +nand dy = 50\/1 -

where 7 denoting the dipolar asymmetric factor (=1 <n < 1).

For the lying nanoplatelets, similar to the rectangular ones, we obtain the following equa-

tion (see subsection 5.4.2.3):

Pmam_Pmin_ C

5h:Pmax+szn_2A+C’n‘

(5.16)

Similarly, we could consider in the case of standing platelets, their emitting dipole consists
of d; lying in the (x,y) plane (©; = 7/2 and ¢} = 0) and ds normal to (z,y) plane (©y =0
and @) = 0).

Therefore, the total emitting power of the linear dipole d; and d, respectively:

Pl(B) = 1‘2“7 (A+C cos’(8)) (5.17)
PY(B) = 1;" B (5.18)

Finally, the total signal detected from a two dimensional dipole consisting of two non-
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degenerate one dimensional dipoles:

> P'=P{(B)+ Py(B)

1+n 1—n
= T4+ C cot(B)) + — 1B (5.19)
1 1-— C(1
= +77A+ nB+ ( +77)C082(5)
2 2 2
As 0 < cos?(® — B) < 1, we have:
1 11—
Ph=-—044+-""p (5.20)
2 2
1 1-— C(1
o= Ay g Ch) (5.21)
2 2
The degree of the linear polarization is defined as:
P —P . C(1
51) _ _max min __ ( + n) (522)
P vt P (2A42B+C)+n(2A—-2B+C)
a) b) c)
Cubic 2 ! ‘
nanoplatelet 0.8
Gold (200 nm) ”
SiO, (50 nm) E 0.6
PMMA (50 nm) E ! o
B :N: )
0.2
Oil objective (N4 =1.4)
%0 01 03 05 07 091 0 ~05 0 0.5 1
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FIGURE 5.26: (a) Schematic of the investigated objective-sample configuration. (b) His-

tograms of the experimental values of degree of polarization & measured for 10 investigated
nanoplatelets which either lie horizontally on the substrate (blue) or stand vertically on its side
face (green). (c) Theoretical relation between § and the dipolar asymmetric factor n calculated
for nanoplatelets at the distance of 50 nm to the PMMA-qgold interface in two corresponding
ways of positioning: lying (blue) and standing (green).

This linear theoretical relation between the emission’s degree of polarization of the cubic

nanoplatelets 9§, and the corresponding dipolar asymmetric factor n of the emitting dipole is

presented in Figure 5.26(c). As shown in Figure 5.26(a), the nanoplatelets are at the distance
of 50 nm to the PMMA-gold interface (n; = 1.5 and ny = 0.15 + 3.62i), therefore, A = 0.12,
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5.5 Cubic nanoplatelets

B =1.18, and C' = 9.83.

We now analyze the polarimetric results. For the lying nanoplatelets (blue), the experi-
mentally obtained degree of polarization dj ranges from 0 to 0.08, referring to 0 <| n |< 0.08. In
the case of platelets standing on their side faces (green), we have the value of 4, varies between
0.79 and 0.88. If the two dipolar components are the same d; = dy (corresponding to n = 0),
we get 0, = 0.79. The result 9, = 0.88 leads to the factor n = 0.36. By taking into account
the 5% of the uncertainty in the experimental measurement of ¢, the factor n gets to 0.16. For
the square nanoplatelets, the values of 7 is found to be between 0 and 0.1 while in the case
of rectangular emitters, 0 < n < 0.3. This distribution of n values is in agreement with the
distribution of n we found for the lying cubic nanoplatelets, which have been approved by the
similarity between the lateral shape distribution Figure 5.24 between the square nanoplatelets

and the lying cubic ones.

We could wonder why we did not find less polarized nanoplatelets (6 < 0.79) which
corresponds to dy > dy. This would imply that the nanoplatelets stand more on the short
dimension than on the long one, which is a little bit more unlikely. Moreover, when n > 0, the
degree of polarization ¢ varies much quickly with 1 than when 1 < 0. Therefore, a negative
value of the dipolar asymetry (dipole standing on the short dimension) 7 would have a smaller
effect on the degree of polarisation than when it is standing on the long one (n > 0) . This
is another argument why the distribution of degree of polarisation is after 0.79. However, the

statistic is very low to make a strong conclusion in this discussion.

5.5.3 Emission pattern analysis

For the first case of emission polarization as shown in Figure 5.27(c), the corresponding
angular intensity distribution is isotropic with the most intense emission being at the center,
which agrees well with the simulated emission pattern of the horizontal two dimensional diple.
In the Fourier plane image captured for the other high polarized case (Figure 5.27(d)), two lobes
located symetrically centered by the ®,,,, direction. Therefore, this vertically positioning of
cube nanoplatelets would give us an emission pattern with a preferred axis corresponding to a
certain ®,,,,, direction which is straightforwardly estimated from the corresponding polarimetric
curve (Figure 5.27(b)).

The comparison are performed between the recorded angular emission intensity distri-
bution (plotted as cirles) of a cubic nanoplatelet dipole and the theoretical emission pattern

(illustrated as solid lines) calculated for a two dimensional dipole oriented at (O, ®,,,,) along
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FIGURE 5.27: Comparison of two emitter with very different emission polarization in term
of: (a) and (b) Polarimetric emission analysis, (¢) and (d) Fourier plane image, (e) and (f)
experimental (circles) and theoretical (solid lines) angular emission patterns along the in-plane
orientation of @, (green) and e, + 90° (blue).
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plane of ®,,,, (green) and ®,,,, + 90°(blue) with © = 0 (the platelet’s flat surface is parallel to
the sample plane) in Figure 5.25(e) and © = 90° (the platelet stands by its side: the core platelet
is normal to the substrate) in Figure 5.25(f). The good agreements between the experimental

and theoretical values confirm our interpretation of the cubic nanoplatelet’s positioning.

5.5.4 Further study of the dipolar dimensionality

5.5.4.1 Is there any third dipole involved in the emission?

For nanocrystals and nanoplatelets, the emission is generally modelized to be an one
dimensional dipole or a two dimensional dipole which consists of two orthogonal linear dipolar
components. However, some researchs state that a third dipole orthogonal to the plane of the
two dimensional dipole could play a role in the emission [167,168]. The geometry of the cubic
nanoplatelets gives specific orientations to their emitting dipoles. Then the emission will be
generated from a three dimensional dipole which would be a sum of two dipoles in the platelet
plane and a linear dipole normal to the platelet plane. We could consider these two first dipolar
components having the same oscillator strength. In the case of the platelets which stands on
their side (their core plane is perpendicular to the substrate, as schematized in Figure 5.23), one
of those dipoles is along z reference axis and the other is along the (x,y) plane. We assume that
a third dipolar contribution exists with relative oscillator strength 73 (0 < n3 < 1), oriented
perpendicularly to the plane of the other two component dipoles (the core plane), thus it is
also along the (z,y) plane, as presented in Figure 5.28. Moreover, as d3 = n3d;, when 13 = 1
this third dipolar component is equivalent to the others while 73 = 0 means there is no third

dipole.

FIGURE 5.28: Schematic of the emitting dipole of a nanoplatelet standing by its side face.
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5.5.4.2 Emission pattern analysis

We first analyze the data from the lying nanoplatelets in order to see if we could detect
the presence of the third dipolar component. Figure 5.29(b) depicts theoretical emission pat-
tern calculated for a symmetric horizontal two dimensional dipole. We compare it with the
pattern simulated for a three dimensional dipole with 73 = 1 as presented in Figure 5.29(c).
In both cases, the emitter is at the distance of 50 nm to the PMMA-gold interface and its
emission is collected in the PMMA half-space by an oil objective NA =1.4 ;| as schematized
in Figure 5.29(a). These angular distributions are very similar to each other, so that lying
cubic nanoplatelet do not help us to conclude about the presence of the third component of the

emitting dipole.
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FIGURE 5.29: (a) Schematic of the investigated configuration. Simulated emission pattern of
(b) a horizontal symmetric horizontal two dimensional dipole and (c) a three dimentional dipole

with n3 = 1.

We continue performing the emission pattern analysis on the data of the standing cubic
nanoplatetets in the PMMA half-space 50 nm to the PMMA-gold interface (5.30(a)). We cal-
culate the emission pattern of a three dimensional dipole with different values of 13 and plot
their profiles along the in-plane orientation ®,,,, + 90° (blue) and its orthorgonal axis ®,,4,
(green), as depicted in Figure 5.30(c). The experimental values are extracted from the recorded
emission pattern presented in Figure 5.30(b). When 13 > 0.1, there is a quantitative disagree-
ment between the experimental and simulation data. We can conclude that the contribution of

the third dipolar component, if it exists, is less than 10 % of the other dipoles.

5.5.4.3 Emission polarization analysis

Moreover, we could analyze the emission’ polarimetric curves which contains more quan-

titative details. We will consider now the experimental results. As stated for d; = ds, the
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FIGURE 5.30: (a) Sechematic of the investigated configuration. (b) Experimental emission
pattern of a cubic nanoplatelet having its core plane normal to the substrate (¢) Comparison of
emission patterns along the ®,q, +90° (blue) and Dqq (green) directions: experimental values
(dots) and simulated values (lines) with the amplitude of third dipolar component nz is 0.1, 0.2,
and 0.5 respectively.
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expected degree of polarization is 0.79. In our data, for one nanoplatelet we obtained 6 = 0.79.

This is the one which has been discussed in the former emission pattern analysis.

As presented in Figure 5.28, this three dimensional dipole is considered as a combination
of a two dimensional dipole of orientation (© = 7/2,® = 7/2) which is a sum of two linear
dipoles with the same amplitude, one along (0; = 0,®; = 0) and the other oriented at (0 =
7/2, Py = 7/2), and a third one dimensional dipole along (O3 = 7/2,® = 0) of amplitude 73
with respect to the 2 others. Thanks to Equation 5.6, we have P)’, Py and Py being the total

emitting power contributed by each dipolar components respectively:

P’ =B (5.23)
P} = A+ C sin®(f) (5.24)
Py =n3(A+ C cos*(3)) (5.25)

The total emission from the three dimensional dipole is thus:

ZPH — Plll + PQN + Pé/
= B+ A+ Csin?(8) + n3(A+ C cos?*(3)) (5.26)
= A(ns + 1) + B+ Cng + C(1 — n3) sin®(B)

As 0 <sin?(B) <1 and 13 < 1, we have:
B =Ams+1) + B + Cns (5.27)

Pl.=Am+1)+B+C (5.28)

max

The degree of polarization is defined as:

pr + P 24(ns+1)+2B+C(nz + 1) ‘

Therefore,
dns (2A+ C)dns

ds = — —
1—ny 2A(ns+1)+2B+C(ns + 1)

(5.30)

The emitter with 6 = 0.79 (d; = dy) refers to 3 = 0. But we need to take into account

the uncertainty of § measurement. Since 73 ~ 0, we have:
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4A+ 2B +2C

do=—dns 5 5o

(5.31)

From the data of standing nanoplatelets, we have dé = 0.05, leading to dnz of 0.03. The
polarimetric measurement allows us to detect the ds contribution up to n3 > 0.03. It is thus

concluded that the third dipole if any is less than 3% of the other dipoles.

Conclusion

We have studied the emission of an individual colloidal CdSe/CdS core/shell nanoplatelet.
There are three types of geometric structure: square, rectangle and cube. The ultrathin
nanoplatelets have two different shapes: square (16 x 16 x 2 nm?) and rectangle (15 x 20
x 2 nm?). The last type of investigated nanoplatelets are cubic (16 x 16 x 10 nm?). In this
chapter, we have applied our polarimetric method combined with emission pattern analysis to

determine the emitting dipole of an individual nanoplatelet.

The square nanoplatelets are spincoated on StO; covered gold subtrate then protected by
PMMA layer and their emission is charaterized by an oil objective in contact with PMMA. For
13 studied square nanoplatelets, the emission polarization analysis confirms their unpolarized
emission, resulting in two possible dipolar orientation depending on the one or two dipolar
dimensionality of the emitting dipole. By comparing the calculating emission patterns obtained
by our analytical model with the experimental images for these emitters, we have concluded
that the emitting dipole of the nanoplatelets is a two dimensional dipole with its orientation

along the z reference axis.

Analysis on the emission polarization of the rectangular nanoplatelets provides further
insight into the emission of these platelets. We found much broader histogram of the degree
of polarization which brought to us two different hypotheses for the dipolar orientation: a
tilted dipole composed by two degenerate dipoles or a horizontal dipole composed by two non-
degenerate dipoles. Using the configuration with only nanoplatelets on glass substrate and the
oil objective introduced to the other side of the substrate, the measured Fourier plane image is

possible to confirm the latter hypotheses.

The higher degree of polarization obtained by the emission polarization measurement
is believed to relate to the elongated shape of these nanoplatelets. The good agreement on

extracting the dipolar asymmetric factor from two experimental data set measured by two
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different ways (emission polarization characterization and emission pattern imaging) confirm
the correlation between two approaching ways. However, since the length of the nanoplatelets
is much larger than their exciton Bohr radius, the emitting dipole should not be sensitive to
the lateral sizes of nanoplatelets and then could be considered as a symmetric two dimensional
dipole. In this case, the polarized emission will be explained by the dielectric antenna effect.
The similarity between emission patterns simulated for an asymmetric two dimensional dipole
inside a square nanoplatelet and for a symmetric two dimensional dipole inside a rectangular

nanoplatelet confirms the antenna hypothesis.

For cubic nanoplatelets, the same two dipolar dimensionality was found. Most platelets
were deposited horizontally on the substrate with their two dipolar components as well hor-
izontal, similar to thin shell covered square nanoplatelets. However, in few cases when the
nanoplatelets staying on its side face (the core platelet normal to the substrate), their two di-
mensional emitting dipole could be considered as having one component horizontal and the other
vertical. We consider the possibility of a third dipolar component by analyzing the emission
polarization and emission pattern in the case of high polarized emission. Since its contribution
is absent or very small, we could conclude that the emitting dipole of these nanoplatelets is

just two dimensional.
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Chapter 6
Conclusion

In the stream of various studies to get an efficient source of single-photons, determination
of the dipolar orientation of light from a nanoemitter is considered to be very important.
Contribution of my thesis in the field is the development of a polarimetric method aiming at the
analysis of a nanoemitter’s emitting dipole and its orientation. My work includes (i) proposing
an analytical model, (ii) building-in the experiment setup and (iii) applying to determine the

nanoemitter’s emitting dipole.

The model describes the emission of a dipole close to a plane interface in a wide range of
realistic experimental conditions, including a very common case in plasmonics with a nanoemit-
ter lying on gold film, the situation for which the more standard defocused imaging method is
not sufficiently sensitive to provide reliable quantitative information on the emitting dipole’s
orientation. With the same model, I did a computation on the emission diagram correspond-
ing to the dipolar emission in far field for all the experimental conditions. By analyzing the
emission’s polarization together with the emission pattern, I could accurately determine the

three-dimensional orientation of an emitting dipole.

To build-in the experiment setup following the proposed model, I did firstly replacement of
the sample by a well-determined polarized laser light, checking the optical function of necessary
components such as the dichroic, the halfwave plate, the prism, etc. in the whole system to
get the best and most facile conditions for measurement. The remarkable result obtained is
that I could determine the dipolar orientation of a nanoemitter within 5% uncertainty. On the
other hand, we succeed in conjugating the back focal plane onto the EM-CCD camera in order
to image the emission pattern. By analyzing the emission pattern of the nanoemitter, we have

a complementary method to estimate the dipolar dimensionality. Then the orientation of the
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emitting dipole can be inferred by the polarimetric measurements.

Finally, I applied this combining method to investigate the semiconductor CdSe/CdS
nanoplatelets with different geometric structures: thin square platelets, thin rectangular platelets,
and cubic platelets. The agreement between the experimental data and the calculated simu-
lation confirms the relevance of the method. 1 also established a relationship between the
geometric structures of the platelets and the dipolar dimensionality and orientation of their
associated emitting dipoles. For cubic CdSe/CdS nanoplatelets, we observed two different
kinds of the dipolar orientation, parallel and perpendicular to the surface of the substrate.
This is a good and promising case to develop the efficient combination of nanoemitter with

nanoantennas.

For future works, the more kinds of geometric structures would be utilized to complete
our theoretical explanation. Moreover, unlike the spherical CdSe nanocrystal which is weakly
polarized and lack of defined orientation when locating on a substrate, the cubic nanoplatelets
stayed on its side face with an emitting dipole oriented vertical to the substrate could be an

interesting topic for the efficient coupling with next generation nanoantennas.
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Appendix A

The polarization effect of the

retardation induced by the setup
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FIGURE A.1: Schemetic of an one dimensitional dipole with its orientation along d which is
defined as (©,®) and the propagation vector k which is described by (01,¢) in xyz reference

coordinates.

In the xyz reference coordinates, we will consider an one dimensitional emitting dipole
(Figure A.1) which is oriented with an out-plane angle © relative to the z axis (the polar
angle) and an in-plane ® relative to the x axis (the azimuthal angle) with the unit vector uj
and wu;, along two orgothonal direction of polarization, respectively. These two unit vectors are

perpendicular to the propagation vector k defined by a polar angle #; and an azimuthal angle
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¢ in the xyz coordinates. We have:

—sing cosf cos¢
Uy = cosp Uy = | cosb; sing
0 —sinb,

The corresponding unit vectors vy and v, of the transmitted beam after passing through the

setup (the output) will be thus defined as:

(1) (i) (iif) (iv) ™)

oil objective oil objective air objective air objective oil objective

FIGURE A.2: (a) Schematic of the five cases corresponding to different experimental configu-
rations between the sample and the objective, numbered from (i) to (v) with d being the distance
from an emitter to the medium interface, ny denoting the index of the medium containing the
emitter, and ny for the index of the other medium: (i) emitters in an homogeneous medium
of ny; (it) emitters on a planar substrate of index ny and covered by a polymer layer with a
thickness d of the same index while the upper medium of index ny < ny; (i) emitters at a
distance d (with d tending towards 0) from a substrate with an index ny without any protecting
layer while ny = 1 and (iv) emitters on a planar substrate with a polymer protecting layer of
index ny while ny = 1; (v) emitters in the medium of index ny (as deposited at a distance d
(with d tending towards 0) from a planar surface without the covering layer), observed by an
oil objective of index ny > ny [27].

The expression of the electrical field of the beam exiting the setup is extracted from the

thesis of Clotile Lethiec [27] for reflection configuration (ii) and (iii) schematized in Figure A.2
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as the followings:

B =2 [ B0 ey N
(B0, 0001 1,6%) 4 B 01,001 1,%)) )
with
E.(61,6) = 5in® sin(® — ¢) (A.2)
E,.(61,6) = —siny cos© (A.3)
E,, (61, 6) = cosby sin® cos(® — &) (A4)

The emitting power collected after placing a polarizer with a rotating angle of g after the

microscopy is also taken as:

elmaz

2w
P(B) = / D2 ny 3@'n91 d‘gl /
61=0

Es(01,0)(1 + ry em)v}.u}

- (Bp (61, 8)(1+ 1 €2) + By, (61, 8)(1 — 1)) 5005

cosfs
where up = with 1) denoting the retardation induced by the setup.

e sinf3

We have:

Ey(01,0)(1 + 1y e®)u,.05 = sin® sin(® — ¢) (1 + 1y e'?) (—sing cosf + e cos¢ sin3)
_ 5n® (1+75¢™) (—cosB(cos(® — 2¢) — cos®) + ™ sinf(sin(® — 2¢) + sind))

2
(A.6)

Ep, (01, 8)(1 + 1y e )vy.ai3 = —cosO sinby (1 + 1, e'®) (—cosB cosg + €' sinf sing)  (A.7)
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E,, (01,0)(1 — r, )0, 10 = cosly sin® cos(® — ¢) (1 — r, ™) (—cosf cosp + €™ sinf sing)

= SZZ@ cosfy (1 — 1, e™) (cosB(cos(® — 2¢) + cos®) + €™ sinB(—sin(® — 2¢) + sind))
(A.8)
Hence:
P(B) = Asin*© + B cos*© + C sin*0|cosf3 cos® + eV sinf3 sin®|*
= Asin*0 + B cos?O + C; 5in?O(1 4 cos2f3 cos2® + sin2f3 sin2d cosi)) (49)
with
A= 06’1?95 D? %nl |(1+ 7€) — cosfy (1 —r, e')|? sinb, db, (A.10)
=
B = (;)IW:Z Dy [1 41, e)|? sin®0, do, (A.11)
=
C = :I?x D? g ny|l+rs e + cost (1 — Tp em)]2 sinb; do, (A.12)
=
We define the measured value ®,,,., as:
tan2®,,.s = tan2® cosy (A.13)
Therefore, Equation A.9 becomes
P(B) = Asin*O + B cos’© + gsirﬁ@(l + mcos@(ﬂ — Dpres)) (A.14)
The degree of polarization is thus written as:
5 — Prow — Proin _ Csin*(0) c0s2® (A15)

Praw + Prin (2A —2B + ()sin?(0©) 4+ 2B c0s2P,,,cs

Finally, we conclude the relationship between d,,.s (the degree of polarization measured
from the experiments by the realistic setup with a retardation of 1)) and §(©) (the actual degree

of polarization of the emission from the dipole (the actual value we would obtain with a setup
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without any retardation effect):
cos2®

coS2®,,,.5

Omes = 0(O) (A.16)

These calculations could be applicable for the configuration (iv). The configuration (v)
is more complicated and will not be treated here. The relation A.13 and A.16 can be as well

straightforwardly applied to the case of a two dimensional dipole.
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Résumé

Le controle et I'optimisation des propriétés d’émission des nanomatériaux peuvent étre obtenus par un
couplage efficace entre nanoémetteurs et nanostructures permettant d’obtenir une directivité plus élevée, une
dynamique d’émission plus rapide. Il est pour cela nécessaire d’obtenir ’accord spectral de ’émetteur avec les
modes de nanostructures, le positionnement spatial du nanoémetteur a ’endroit ou I'intensité du mode résonant
de la nanostructure est maximale, et une orientation du dipdle nanoémetteur paralléle au champ électrique
résonant. En plasmonique les résonances larges des modes permettent un accord spectral facile. L’accord
spatial est plus difficile, mais des stratégies ont été mises en ceuvre avec succes. Le controle de 'orientation du
dipole reste lui un défi. En plasmonique, par exemple, une interaction efficace ne peut étre obtenue que pour
des dipdles orthogonaux a la surface métallique. La détermination de 'orientation du dipdle émetteur est donc
cruciale pour les dispositifs plasmoniques tels que les nano-antennes.

Dans ma these, j’ai contribué au développement d’une méthode polarimétrie visant a analyser le dipole
émetteur d’un nanoémetteur et son orientation. J’ai effectué des expériences et les ai analysées. Le modele
décrit I’émission d’un dipole proche d’une interface plane dans un large éventail de conditions expérimentales
réalistes, en particulier le cas ot le nanoémetteur se trouve a proximité d’un film d’or. Dans cette situation, pour
des nanocristaux de CdSe/CdS assimilable & deux dipoles orthogonaux dégénérés, I'imagerie défocalisée n’est
pas suffisamment sensible pour fournir des informations quantitatives fiables sur l'orientation de I’émetteur. A
contrario, la polarimétrie permet de répondre a cette question. Avec le méme modele, le diagramme d’émission
correspondant a I’émission dipolaire en champ lointain pour toutes ces conditions expérimentales a été calculé.
En combinant la polarimétrie et I’étude des diagrammes de rayonnement, on peut obtenir des informations sur
la structure dipolaire et I'orientation des dipdles. J’ai appliqué cette méthode pour étudier les nanoplaquettes
semi-conductrices colloidales de CdSe/CdS avec différentes formes géométriques : plaquettes carrées minces,
plaquettes rectangulaires minces et plaquettes cubiques. J’ai établi une relation entre les structures géométriques
des plaquettes et la nature et 'orientation de leurs dipoles émetteurs associés.

Summary

Control and optimization of nanomaterial emission properties, can be obtained thanks to efficient coupling
between nanoemitters and nanostructures for achieving higher directivity, quicker dynamics. The requirements
are the spectral tuning of the emitter to the nanostructures modes, the spatial positioning of the nanoemitter at
the location of maximum intensity of the resonant nanostructure mode, and a proper orientation of the dipole
nanoemitter. In plasmonics, the spectrally broad resonances make the spectral tuning easy. Whereas for spatial
tuning, many strategies have been implemented successfully, the control of the dipole orientation remains a
challenge. In plasmonics, for example, efficient interaction can only be achieved for dipoles orthogonal to the
metallic surface. The determination of the orientation of the emitting dipole is thus very crucial for plasmonic
devices such as nanoantennas.

In my thesis, I contributed to the development of a polarimetric method aiming at the analysis of a na-
noemitter’s emitting dipole and its orientation. I performed experiments and analyzed them. The model I used
describes the emission of a dipole close to a plane interface in a wide range of realistic experimental conditions,
including a very common case in plasmonics when the nanoemitter lies close a gold film. In this situation for
CdSe nanocrystals which can be considered as two orthogonal degenerated emitting dipoles, the more standard
defocused imaging method is not sufficiently sensitive to provide reliable quantitative information on the emit-
ter’s orientation. With the same model, I also computed the emission diagram corresponding to the dipolar
emission in far field for all these experimental conditions. By analyzing the emission’s polarization together with
the emission pattern, I could determine the three-dimensional orientation of an emitting dipole. I applied this
method to investigate the dipolar structure and orientation of colloidal semiconducting CdSe/CdS nanoplatelets
with different geometries: thin square platelets, thin rectangular platelets, and cubic platelets. I established a
relationship between the geometric structures of the platelets and the dimensionality and orientation of their
associated emitting dipoles.
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orthogonal arrangement of the dichroics and prisms is presented in Figure 3.8.

Noted that the z axis is always oriented in the direction of propagation. . . . . .

The setup’s phase retardation 1) = 8°: Theoretical values of § as a function of
the angle O for a one dimensional dipole (a) or a two dimensional dipole (b) in
two extreme cases when factor M are maximum (®,,.s = 21 90°) and minimum
(Ppnes = 45° + 21 90°) respectively, calculated in the reflection configuration (the

emitter is at a distance of 50 nm to the gold-PMMA interface, oil objective with

NA=T14 . . e

Schematic configuration of the emission polarization measurement setup with
diattenuation and retardation corrections. The polarization analysis is performed

by a combination of a rotating halfwave plate A/2 and a polarizing beam splitter

cube (PBS). Noted that the z axis is always oriented in the direction of propagation. 51

The simulating normalized intensity of the output when using 2 different setting
way to obtain the signals when the incident light is linearly polarized at 45° with
respect to the proper axes of the setup: (a) by a rotating polarizer by angle [
and (b) by a set of a rotating non-ideal halfwave plate (y = 2°) by angle w

followed by a polarizing beamsplitter cube, while rotations from 0° to 400° are

performed. . . . . ...

The normalized intensity of the incoming light of the setup simulated by Equa-
tion 3.13 for (a) an ideal quarterwave plate and (b) a non-ideal quarterwave

plate when the rotation from 0° to 400° of the analyzer P2 (placed after the

quarterwave plate) is performed. . . . . . . ...

The simulating normalized intensity of the output when using 2 different setting
way to obtain the signals: by a rotating polarizer (in red) and by a set of a rotat-
ing non-ideal halfwave plate (at the wavelength of emission v & 2°) followed by
a polarizing beamsplitter cube (in blue) when the state of the beam entering the
setup is perfect circularly polarization (a)/(b) or nearly circularly polarization

(¢)/(d) while rotations of the polarizer (3) and of the halfwave plate () from

0° to 400° are performed. The retardation of the setupisy =8°. . . . .. . ..



3.15

3.16

3.17

3.18

3.19

3.20

The simulating normalized intensity of the output analyzed by a set of a rotating
halfwave plate followed by a polarizing beamsplitter cube with the beam enter-
ing the setup being perfectly circularly polarized (d;, = 0 from Figure 3.13(a))
when rotations from 0° to 400° of the halfwave plate are performed. The phase
retardation 1) of the setup and different retardation of the halfwave plate ¢ /2
are set as: (a) ¥ = 0 and @2 = 180%, (b) ¢ = 8" and ¢y = 180°, (¢c) » =0

and @y =184° (d) v =8"and @y p =184°. . . . ..o

Summary of the polarization state of the normalized intensity of the output an-
alyzed by a set of a rotating halfwave plate followed by a polarizing beamsplit-

ter cube with the beam entering the setup being perfectly circularly polarized

(0;n = 0) for 4 simulated situations. . . . . . . . .. ...

The simulating normalized intensity of the output analyzed by a set of a rotating
halfwave plate followed by a polarizing beamsplitter cube with a nearly circularly
polarized beam entering the setup (d;, ~ 0.2 from Figure 3.13(b)) when rotations
from 0° to 400° of the halfwave plate are performed. The phase retardation v
of the setup and different retardation of the halfwave plate ¢y, are set as: (a)

Y =0and ¢y =180 (b) ¢ =8 and ¢, /2 = 180°, (c) ¢ = 0 and ¢, » = 1847,

(d)p=8"and pyp =184 . . . ..

Summary of the polarization state of the normalized intensity of the output
analyzed by a set of a rotating halfwave plate followed by a polarizing beam-

splitter cube with the beam entering the setup being nearly circularly polarized

(0in, = 0.2) for 4 simulated situations. . . . . . .. ... 0oL

Comparison between two detection ways: a rotating polarizer and a rotating
non-ideal halfwave plate (¢x/2 = 1849) followed by a polarizing beamsplitter cube

with three relevant polarization states of the incident beam and the dephasing

ofthesetup v =8% . . . . . . ..

The minimum values of the normalized intensity of the output as the function
of the rotating angle of the halfwave plate for a 45° linearly polarized light (with
respect to the x reference axis) incident on the setup calculated with different

retardation introduced by the setup: (a) v = 0, (b) v = 8°, and (c) ¥ = 16°.

Noted that the halfwave plate is non-ideal ¢y =184% . . . . .. ... ... ..
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3.21 Schematic configuration of the final developed setup for emission polarization
measurement. Noted that the z axis is always oriented in the direction of prop-

agation. . . . . . ..

3.22 The normalized intensity as a function of the rotating angle of \/2 when the
input of the setup is the original emission of an individual microsphere (a), the
part linearly polarized in the direction at —45° to the z axis (b),the part linearly
polarized along z axis (c¢), the part linearly polarized along y axis (d). Blue
circles represent the experimental curve and Solid red line is the fitting of this

curve with Equation 2.1. . . . . . . . . . ..o o

3.23 The normalized intensity of the output as the function of the rotating angle of
the A\/2: the experimental curve (a) and the simulational curve for ¢» = 8° and

a retardation of ¢/, = 184° of the halfwave plate (b). . . . . ... ... ... ..

3.24 The intensity of (a) the input (analyzer P2 is inserted right after the quarterwave
plate) and (b) the output (analyzer P2 is fixed after the additional prism Pm2)
of the setup measured by the power meter in the final calibrating configuration
shown in Figure 3.9 when rotating the analyzer. Noted that the rotating angles

are just the numbers indicated on the mount of the polarizer analyzer P2: the x

68

reference axis corresponds to 55° and 25° for the input and output case, respectively. 70

4.1 Theoretical emission pattern for a dipole in free space [94]. . . . . .. .. .. ..

4.2 Field distribution for a horizontal dipole and a vertical dipole when (a) the dipole
is in free space and (b) when the dipole is in air at a distance of 50 nm to the

glass substrate. . . . . ...

4.3 Schematic of the reflection configuration: an emitter situated in a medium with
a refractive index of ny at a distance of zy to an interface with the other medium

having index ny when no <mnq [27]. . . . . . ..

4.4 Schematic of a transmission configuration: an emitter situated in a medium with
a refractive index of n; near an interface with the collecting medium with index

ne when mo <y [27]. . . . L Lo

4.5 Simulated emission diagram of an isotropic emitter in air located at the air-glass

interface with 0, =41.5°. . . . . . . . . ..

46 Coordinate system used where k is the wavevector [98]. . . . . . . .. .. .. ..
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4.7

4.8

4.9

4.10

5.1

5.2

2.3

5.4

5.5

Schematic configuration of emission pattern measurement. . . . . . .. .. . ..

(a) The Fourier plane image by an EMCCD camera from a point-like emitter
on glass surface characterized by an oil immersion objective and (b) its profile

along the black dashed line . . . . . . . . . ... ... ... ... ...

The theoretical emission patterns for different dipolar dimensionalities and po-
larizations with the reflection configuration of an individual emitter at a distance
of 50 nm to the PMMA-air interface and its emission is collected by an oil im-
mersion objective NA = 1.4 in contact with the glass substrate: (a) a vertical
one dimensional dipole, (b) a horizontal two dimensional dipole, (¢) a horizontal

one dimensional dipole, (d) a vertical two dimensional dipole. . . . . . ... ..

The theoretical emission patterns for different dipolar dimensionalities and po-
larizations with the configuration of an individual emitter sandwiched between
a b0nm Si0; covered gold substrate and a 50 nm PMMA layer with its emis-
sion collected by an oil objective (NA = 1.4) in contact with the PMMA: (a)
a vertical one dimensional dipole, (b) a horizontal two dimensional dipole, (c) a

horizontal one dimensional dipole, (d) a vertical two dimensional dipole. . . . . .

The two kinds of crystal structures of CdSe: (a) hexagonal (wurtzite) and (b)

cubic (zinc-blende). Red and green balls represent Cd and Se atoms, respectively

Schematic representation of three types of quantum confined colloidal nanostruc-

tures: quantum dots, nanorods, and nanoplatelets [32]. . . ... ... ... ...
Schematic representation of a core/shell CdSe/CdS nanoplatelet [32]. . . . . ..

(a) TEM image of core/shell CdSe/CdZnS nanoplatelets and their schemat-
ics. (b) Absorption spectra of solutions of core CdSe nanoplatelets (gray) and
CdSe/CdZnS nanoplatelets (black). (c) Photoluminescence spectra of solutions
of core CdSe nanoplatelets (gray) and CdSe/CdZnS nanoplatelets (black). (d)
Intensity decay of solutions of core CdSe nanoplatelets (gray) and CdSe/CdZnS

nanoplatelets (black). All measurements were done at room temperature [117]. .

Schematic representations and TEM images of the square, rectangular, and cu-
bic nanoplatelets, respectively. All the TEM measurements were performed by

Benoit Dubertret’s team. . . . . . . . . ..
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5.6

2.7

5.8

2.9

5.10

5.11

0.12

Histogram of the size ratio Al measured for (a) 69 square nanoplatelets and for

(b) 88 rectangular platelets. . . . . . .. ...

Room temperature normalized absorption and photoluminescent spectra of the
colloidal square and rectangular nanoplatelets. All these measurements were

performed by Benoit Dubertret’s team. . . . . . . .. ... ... ...

(a) Schematic of experimental configuration. (b) Detected photoluminescent in-
tensity as a function of time 5 individual square nanoplatelets on a glass substrate
with the same excitation energy. (c¢) Their corresponding photoluminescent de-
cay profiles in semilog scale. (d) The decay profile of emitter numbered 3 is fitted
with the biexponential function f(t) = Ae /™" + Be /™ +C. . . ... ... ..

(a) Schematic of the experimental sample structure and (b) Theoretical values of
the degree of polarization ¢ as a function of the dipolar angle © (dipolar orienta-
tion) for an one dimensional dipole (blue line) or a two dimensional dipole (red
line), calculated in the objective-sample configuration (ii) when nanoplatelets is
at a distance of 50 nm to the PMMA-gold interface and their emission is collected
by an oil objective NA = 1.4 ). . . . . .. ..

Square nanoplatelets: (a) Blue circles: normalized intensity as a function of the
rotating angle w of the halfwave plate; solid red line: fitting of the experimental
curve with Equation 5.5 and (b) Their corresponding recorded emission patterns.

The objective-sample configuration is schematized in Figure 5.9(a). . . . . . ..

Square nanoplatelets: (a) Histogram of the degree of polarization 6 measured for

13 emitters and (b) Proposed schematics of a emitter’s dipole. . . . . . . . ...

In the configuration of an individual emitter sandwiched between a 50 nm Si0O,
covered gold substrate and a 50 nm PMMA layer with its emission collected by
an oil objective (NA = 1.4) in contact with the PMMA: (a) the experimental
Fourier image, (b) the emission pattern simulated for an one dimensional dipole
along z direction, and (c) the pattern simulated for a two dimensional dipole in

the (z,y) sample plane. . . . . . . . ...
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5.13 a) Measured (left) and simulated (right) emission diagram as a function of the
emission directions (6, ¢); b) Measured angular emission intensity distribution
(green circles for ¢ = 0 while blue circles for ¢ = 90°) and simulated emis-
sion pattern along any in-plane direction ¢ (green solid line) as a function of
the emitting angle 6. Noted that the measurements are performed on square
nanoplatelets in the PMMA half-space at a distance of 50 nm to the PMMA-
gold interface (Figure 5.9(a)) and the simulation are calculated for a horizontal

two dimensional dipole (© = 0) in the same interface configuation. . . . . . . . .

5.14 The schematic representations of ultrathin nanoplatelets and their two dimen-

tional emitting dipole on the substrate. . . . . . . . . ... ... ... ...

5.15 Rectangular nanoplatelets: (a) Schematic of the objective-sample configuration.
(b) Measured polarimetric emission analysis with blue circles presenting normal-
ized intensity as a function of the rotating angle w of the halfwave plate and
a solid red line for the fitting of the experimental curve with Equation 5.5. (c)

Histogram of degree of polarization J measured for 18 nanoplatelets. . . . . . . .

5.16 The schematic representations of two interpretations for the nanoplatelet’s emit-
ting dipoles (a,b) and their corresponding simulation of Fourier plane images
(d,e) in the case of emitters directly positioned on glass substrate with an oil ob-
jective (VA - 1.4) in contact with the other side of the substrate as schematized

I (C). . o

5.17 Emission pattern image measured from a rectangular nanoplatelet positioned on

the glass substrate in contact with an oil objective as shematized in Figure 5.16(c).109

5.18 (a) Schematic of the investigated objective-sample configuration. (b) Theoretical
relation between the emission degree of polarization ¢ and the dipolar asymmetric
factor n calculated for the air-glass interface. (c¢) Emission polarimetric curve

measured from a rectangular nanoplatelet at air-glass interface. . . . . .. . ..

5.19 Comparison of the measured emission pattern (cirles) from a rectangular nanoplatelet

and the calculated emission pattern (solid lines) with a two dimensional dipole
oriented at © = 0 and ¢ = ®,,,, (extracted from the emission polarimetric curve
of the same emitter) having the component strength ratio n along the direction
of @00 (green) and ®,,,, + 90°(blue). The chosen configuration is the air-glass

interface as illustrated in Figure 5.18(a). . . . . . . . ... ... ... ... ...



5.20

5.21

5.22

5.23

5.24

5.25

Comparison of the dipolar asymmetric factor n extracted from emission pat-
tern measurement and from emission polarization measurement for 4 different

rectangular nanoplatelets. . . . . . . ... Lo

(a) Schematic of the investigated objective-sample configuration. Histogram of
the dipolar asymmetric factor 7 measured for (b) 13 square platelets and (c) for

18 rectangular platelets. . . . . . .. ..o

Comparison between calculated emission patterns (emitting along the direction
of ¢ = 0° lined in red while along ¢ = 90° direction lined in blue) in the case
of (a) square nanoplatelets (asymmetric two dimensional dipole n = 0.2) and
(b) rectangular nanoplatelets (symmetric two dimensional dipole n = 0). We set
the index of the nanoplatelets equal to 2.59 and perform simulations with the

air-glass interface configuration as presented in Figure 5.16(c). . . . . . . . . ..

Cubic nanoplatelets: (a) TEM image and (b) the corresponding schematic rep-
resentation of dipole positioning on the substrate. For the nanoplatelet lying
on its flat surface, its emitting dipole is in the plane parallel to the substrate,
appearing as a square in the TEM image and its emission is less polarized; while
the nanoplatelet standing on its side face presents the core nanoplatelet perpen-
dicular to the substrate, depicted as a rectangle in the TEM image with a thin
string at the symmetric axis corresponding to the core nanoplatelet. It should

be noted that the reference (x,y) plane is the substrate’s plane. . . . . . .. ..

Histogram of the size ratio Al of the flat surfaces measured for 36 lying cubic

nanoplatelets in Figure 5.23(a). . . . . . .. .. ..o L

(a) Sechematic of the cubic nanoplatelets’ configuration. (b) Histograms of the
values of degree of polarization § measured for 10 investigated nanoplatelets
which either lie horizontally on the substrate (blue) or stand vertically on its
side face (green). Polarimetric comparison of two emitters with very different

emission polarization: (¢) § =0.08 and (d) 6 =0.79. . . . . . ... .. ... ...



5.26

5.27

0.28

5.29

5.30

Al

(a) Schematic of the investigated objective-sample configuration. (b) Histograms
of the experimental values of degree of polarization § measured for 10 investi-
gated nanoplatelets which either lie horizontally on the substrate (blue) or stand
vertically on its side face (green). (c) Theoretical relation between § and the
dipolar asymmetric factor n calculated for nanoplatelets at the distance of 50
nm to the PMMA-gold interface in two corresponding ways of positioning: lying

(blue) and standing (green). . . . . . . . ...

Comparison of two emitter with very different emission polarization in term of:
(a) and (b) Polarimetric emission analysis, (c¢) and (d) Fourier plane image,
(e) and (f) experimental (circles) and theoretical (solid lines) angular emission

patterns along the in-plane orientation of ®,,,, (green) and ®,,,, + 90° (blue).

Schematic of the emitting dipole of a nanoplatelet standing by its side face. . . .

(a) Schematic of the investigated configuration. Simulated emission pattern of
(b) a horizontal symmetric horizontal two dimensional dipole and (c) a three

dimentional dipole with ns =1. . . . . . . . .. ..o oo

(a) Sechematic of the investigated configuration. (b) Experimental emission
pattern of a cubic nanoplatelet having its core plane normal to the substrate (c)
Comparison of emission patterns along the ®,,,, + 90° (blue) and ®,,4, (green)
directions: experimental values (dots) and simulated values (lines) with the am-

plitude of third dipolar component 73 is 0.1, 0.2, and 0.5 respectively. . . . . . .

Schemetic of an one dimensitional dipole with its orientation along d which is
defined as (©,®) and the propagation vector k which is described by (61, ¢) in

xyz reference coordinates. . . . . .. ...
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A.2 (a) Schematic of the five cases corresponding to different experimental config-
urations between the sample and the objective, numbered from (i) to (v) with
d being the distance from an emitter to the medium interface, n; denoting the
index of the medium containing the emitter, and ny for the index of the other
medium: (i) emitters in an homogeneous medium of ny; (ii) emitters on a planar
substrate of index n; and covered by a polymer layer with a thickness d of the
same index while the upper medium of index ny < ny; (iii) emitters at a distance
d (with d tending towards 0) from a substrate with an index ny without any pro-
tecting layer while ny = 1 and (iv) emitters on a planar substrate with a polymer
protecting layer of index ny while ny = 1; (v) emitters in the medium of index n4
(as deposited at a distance d (with d tending towards 0) from a planar surface

without the covering layer), observed by an oil objective of index ny > ny [27]. . 132



