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Abstract

This thesis focuses on experimental work in the field of fundamental spectroscopy of ad-
vanced luminescent nanocrystals for optoelectronic applications, in the wider context of
new materials for energy. First, I will describe the development of a powerful tool for
the advanced analysis of such nanoparticles, namely Single Particle Spectroscopy (SPS).
This technique has the potential to analyze optical properties at the single nanocrystal
level to better understand the influence of the multitude of nano-differences that are lost
in ensemble spectroscopy measurements; in fact, this information becomes increasingly
relevant as synthetic strategies become more sophisticated and state-of-the-art. In addi-
tion, it is possible to study the antibunching process in a potential single-emitter source, a
key element in the development of quantum technologies. This type of measurement has
never been performed in our laboratory, so I started from scratch to design and put to-
gether the whole system. The experimental implementation of this set-up is quite complex
for several reasons including the extremely low light intensity level, the criticality of the
alignment below the diffraction limit and the time resolution requirements for correlation
measurements. The first chapter will be devoted to the study of an effective design and
optimization of an SPS set-up, going through the trials and errors that led to the final ge-
ometry. We were able to measure the optical properties of core-shell colloidal nanoplatels
at the single-particle level, obtaining peculiar results and demonstrating the effectiveness
of the constructed set-up. Parallel to the construction of this set-up, my research work
focused on the fundamental study of some nanostructures with novel designs to be mea-
sured prospectively with the SPS system. These new materials have been described in
Chapter 2 and Chapter 3; in particular, Chapter 2 focuses on the cutting-edge progress of
the already well-known lead halide perovskite nanocrystals, starting from the fabrication
of extremely confined crystals to observe quantum confinement effects to the formation of
heterostructures for tuning and enhancement of optical properties. Such heterostructures
can also be used to produce thermodynamically inaccessible phases by exploiting direct
epitaxial interaction between lattices. Finally, in Chapter 3, a new class of nanomaterials
will be discussed, whose peculiarity is that they are free of Pb atoms and thus have low

toxicity and environmental impact, but excellent optical properties as downshifters.
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1 ‘ Single Particle Spectroscopy:
set-up design, realization and
rst applications

1.1. State of Art and Introduction

The last decades of research on nanoscience has proved what Feynmann foresaw in his fa-
mous lecture "there's plenty room in the bottom". Experimental methods on fabrication

and manipulation of nanostructures have been developed to such an advanced level that
nowadays new techniques are needed to be able to study those nanostructures individu-
ally in order to be able to evaluate more and more e ectively the nanometric structural

di erences which a ect the physical properties.

One of the most outstanding discoveries in the nanoscale world are luminescent nanopar-
ticles [1]; ther optical properties is in fact strongly a ected by their dimension due to the
fact the electron and hole's wavefunction is not fully delocalized as in bulk system but
instead is con ned within a box whose dimension is comparable to its wavelength; the
dimension of the nanoparticle becomes the key factor in determining the energy levels of
the system because of the role played by spatial con nement energy on the Hamiltonian
of the system; the result is that quantum con nement e ects have unveiled a completely
new photo-physics compared to bulk crystals emitters known so far, where the relationship
structure-property is crucial in the nanometric and sub-nanometric scale.

The only experimental investigation tools which have the required nanometric resolution

are Atomic Force Microscopy and Electron Microscopy, but they almost completely lack

on the possibility of measuring the optical properties; on the other hands, Conventional

ensemble Spettroscopy is able to study the optical properties of nanoparticles, but for this
technique samples are generally either solutions, continuous Ims or powders which are
exited with an optical source (for example, a laser spot) that probes an area in which a
very high number of particles are located.
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Luminescent nanoparticles are mainly produced by wet chemistry methods, which consist
in growth in solution from seeds that are thermally activated to generate a kinetically
favoured growth; as a result, even in the same batch, nanopatrticles can have di erences in
terms of size, shape, surface morphology, ligands attachment, defectuality and so on and
all of those parameters can a ect directly the optical properties; all those small di erences
between each individual nanocrystal (NC) cannot be evaluated in ensemble spectroscopy
as the optical signal recorded will be the sum of a huge number of nanocristals, and the
single's contribution will be lost among the ensemble as it will be averaged out statis-
tically in the gigantic number of particles excited. The result is that it is not possible

to understand the real contribution of these key parameters when they are all averaged
out in a standard spectroscopic measurement. In order to decouple the heterogeneity of
the products of reaction and evaluate how each parameter e ects the optical properties
directly, the most e ective method is Single Particle Spectroscopy (SPS) [2].

This techniques is focused on overcoming limitations of ensemble spectroscopy by being
able to directly optically excite one single luminescent nanoparticle and measure only its
uorescence; this allows to correlate directly the e ect of those parameters (size, shape etc)
to the optical properties; in order to realize this experimentally, some essential conditions
are required:

" To adequately isolate a single uorescent particles from other particles; this is gen-
erally achieved by drying a highly dilute solution on a solid substrate

" To design an optical system that is able to create the smallest possible excitation
spot, i.e the exited area has to be pushed to the lowest possible limit.

" To spatially move with su cient sensitivity the excitation spot to nd the single
particle's position along the substrate and nely focus upon it;

When those conditions are met, it is possible to measure single particle uorescence
and analyze the optical response being sure that it is ascribable only to that specic
nanocrystal. In the experimental section of this chapter, | will go in details on how this
can be realized and the scienti ¢ challenge behind it.

The importance and power of SPS as an analytic tool will become more and more useful
with the increasing level of accuracy required in synthetic strategies in the nanoscience
eld; the more sophisticated and complex those systems are expected to become, the more
important this technique will become in fundamental and applied material science; the
next-generation SPS systems hold the great potential to guide the explorative researches
in the eld of nanopatrticle design.
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Moreover, some optical phenomenon are only visible at single particle level, but they
strongly a ect the macroscopic properties of the system. The most important example
of such phenomenon is blinking, which can strongly a ect the total Photoluminescence
Quantum Yield (PLQY) of the nanocrystal (this phenomenon will be discussed in detalil

in the theoretical background section).

Another very useful application of a SPS set up is to measure and characterize single
photon emitters. This topic became extremely important in the last decade due to the
exponential growth of the eld of quantum comunication and quantum computing. Quan-
tum mechanics o ers original and powerful schemes for processing information, which
could never be achieved in classical devices. In the broad eld of quantum computing,
teleportation and networking, the storage of quantum information in the states of indi-
vidual photons would present a lot of advantages: single photons emitted from an ideally
perfect single photon source are indistinguishable propagating particles which can carry
information at the speed of light, the have a very low interaction with the environment
for long distances, resulting in communication with low noise, low loss and low distortion
[3, 4]. Moreover, it is possible to store an impressive quantity of information in the form of
quantum-bits by exploiting they're tunable quantum properties such as momentum, en-
ergy, polarization etc. The number of information encodable in a photon's quantum state
is enormously bigger than what is achievable with modern computer's bit based memory;
furthermore, quantum bits as the base for computational tasks would allow to perform

. Finally, in the eld of cryptography, using single photons would allow to immediately
discover if an information has been ears-dropped due to the collapse of their wavefunction

[5].

The need for the ideal single photon emitter has become one of the main challenges for
the development of quantum technology; even though a lot of di erent systems have
been studied in the last 20 years, each of them presents their individual challenges and
limitations and a material which can satisfy all of the technologies requirements is yet to
be found. The best performances so far have been achieved with 111-V semiconductors, but
their fabrication in complex and hardly scalable while requiring cryogenic temperatures
to work [6, 7]. On the other hand, colloiodal nanocrystals are emerging in this eld as
they can operate well also at room temperature and can be electrically driven; these
advantages come with the well known strong points of this class of material such as low
cost fabrication, solution processability and easy scaling-up processes. Moreover they
match some of the most important optical requirements for a quantum emitter, such
as high PLQY, fast radiative lifetimes and narrow emission peaks [8]. Yet there is still
need for a systematic work on most materials mainly due to their poor optical stability
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when isolated, which prevent a lot of experimental work on understanding in depth their
properties as quantum emitters. Moreover, only a short quantity of colloidal luminescent
nanocrystal has actually been investigated; lately, due to a lot of experimental work on
sample preparation and stability [9], colloidally synthetized perovskites, have been fondly
studied and started to show great potential as single photon emitters [10]

We considered to build a single particle set up also to be able to characterize the optical
purity of both well known good photon emitters and most importantly to be able to study
a plethora of new materials that open new routes in quantum material science.

In this chapter i will outline rst the theoretical background the design strategies and
realization of a SPS set up stating from scratch and how we obtained

1.2. Fundamentals of Single Particle Spectroscopy

1.2.1. Theoretical Background

In the eld of SPS it is very important to have a powerful tool to discriminate between
measuring a single particle emission or a multiple particle emission, because their size (few
nanometers) is far below di raction limit so the spatial discrimination is not achievable:

a 5 nm luminescent single NP or a cluster as big as In with decades of aggregated
nanoparticles will both be seen with a optical microscope as a round luminescent spot 1
big, with no signi cant and appreciable di erences. Luckily, to solve this issue, we have

second Order Correlation Functiong® .

Second order Correlation Function

Second Order Correlation functiong® of an optical eld with a temporal dependent
intensity I(t) is mathematically de ned as

H @I+ )i

g(2)( ) — - (t)iz

(1.1)
where t is time and is a given delay. In an optical experiment, I(t) and I(t + ) are
simply the number of photons detected at a certain time t and a certain time t + . The
physical meaning ofg® (whose independent variable is the delay not absolute time t)
can be interpreted as follows: when a detector measures a certain number n of photons,
what is the possibility of detecting the same number of photons during a certain interval
of time t + ? In such expression, what really matters is not the absolute time of arrival
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of photons but the time lag between the two events. When photons arrive, the time lag
between the detection of the second group of same number of photons gives us powerful
information on the way those photons are emitted. In particular, theg® function at 0

lag ( g@( ), with = 0) is the crucial information to speculate about coincidence of
events. It tells us how often we detect two photons at times very close to each other (we
imagine here to always detect one or zero photons at a time).

Figure 1.1: Second Order Correlation Function and its physical meaning in optics: Extra
Bunching, Bunching and Antibunching

If photons always travel together in packets with a random distribution, the possibility of
detecting other photons at 0 delay from the previous one not only is extremely high, but
the highest. This is the case of Thermal Light, which is called bunched light (the name
refers to the fact that photons are emitted and travel in packets, also called bunches). The
reason behind it is the photon statistics of thermal light, which follows a Bose-Einstein
distribution. When the rst photon is detected, a higher number of photon are going to
be detected shortly after, so that the number of photon events right after the rst one can
be statistically even higher than the rst number. Thermal light, which is full of intensity
oscillations due to the nature of the light emission itself, falls perfectly into this case. In
terms of g@ this means

g?()>1 for bunched light (1.2)

In the case of perfectly coherent light, such as lasers, by de nition light is emitted with
constant intensity i.e when a certain number of photons is detected at a time t, almost
the same number of photons can be detected for any arbitrary delays including at 0.

It follows that:

g?(@©)=1 for coherent light (1.3)

In the case of quantum light, a photon is generated by the recombination of electron and
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a hole occupying their respective energy level, following the quantum mechanics rules.
When this happens, a photon of a given energy is emitted. In this case, the possibility of
detecting another photon at zero delay is 0, because of the origin of the emission: another
photon cannot be emitted until that electron-hole pair is formed again and it is impossible
to generate it until another excitation process occurs. So in genegf (0) < 1.

g?(0)< 1 for antibunched light (1.4)

Anti-bunching is a direct consequence of quantum theory of light and is a condition for
all sources of light that can be explained with quantum theory. It is in fact due to the
sub-Poissonian nature of the emitted light (see gure 1.2 right panel).

In the case where those conditions are met:
" The excitation source is a pulsed laser.
" Each pulse can generate not more than one exciton.

" Pulses are enough temporally spaced so that the excited state has the time to fully
relax back into ground before the next pulse arrives.

Figure 1.2: Left: Antibunching measured with a pulsed (red curve) or continuum source
(blue curve, Right: Typical Poisson Distribution of Quantum light vs Bose-Einstein dis-
tribution typical of Thermal light)

It is impossible to generate more than one photon per pulse, and consequently the possi-
bility to have two photons events with zero lag is impossibleg{? (0) = 0)

If we reverse this argumentation, we can use a measurementgd? as a discrimination
tool for single photon emitters. If we are able to measure the second order correlation
function measureg® and at zero lagg® (0) = 0 we are in the presence of a single photon
emitter.
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g?(@©)=0 for single photon emitters (1.5)

Experiments probing for photon antibunching are generally performed in a Hanbury
Brown-Twiss interferometer set-up, in which the emitted light is split with a 50/50 beam-
splitter onto two single photon sensitive detectors. The detector outputs are then con-
nected to a TCSPC (Time-Correlated Single Photon Counting) unit and the time di er-
ence between the two signals originating from two emitted photons is repeatedly measured
and histogrammed with picosecond resolution.

Antibunching experiments can essentially be performed with pulsed or continuous-wave
excitation (gure 1.2, left panel). With continuous-wave excitation, antibunching is man-
ifested with a at line with a notable intensity dip at zero time dierence  whose
steepness is correlated with the lifetime. With pulsed excitation, the result shows the
individual laser pulses spaced by the pulse period with a reduced or missing pulse at the
correlation time di erence of zero..

An even more correct way to measure antibunching is to write on a binary le, for each
detected photon, its absolute arrival time and on which detector it has been recorded;
then use a dedicated correlation algorithm to reconstruct the correlation function.

Blinking

Another distinct spectroscopic ngerprint of single photon emitters, specially colloidal
nanocrystals, is Blinking.

Figure 1.3: A typical Blinking trace recorded for a single particle. The latral graph report
the Po, and Py distribution

Blinking is a phenomenon for which the intensity of luminescence is not constant over time
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but it uctuates. This intermittency has been observed for dyes, molecules, nanostructures
and so on but only when those objects were observed below the micrometer range, close to
or at single particle regime. The abrupt change of the emission intensity from an ON state
to an OFF state has been rst attributed to the charging of nanocrystal by the presence

of an extra charge; in this picture, non-radiative pathways such as Auger recombination
have a high probability to take place, leading to the quenching of the radiative pathways
and consequently PL detection.

Many models have been studied in order to explain such complex mechanism, but all of
them converge in ascribing the o state with a form of ionization of the particle; a lot
of experimental e ort has been put into understanding the ON/OFF statistics to nd a
mathematical model that could explain such behaviour. Assuming a charging/discharging
model, the theoretical probability distribution of ON and OFF periods would have had
to follow an exponential behaviour with given constrains due to charging and discharging
rate; however, experiments showed that the data follow an inverse power-law; that means
that the distribution of ON OFF events is not reproducible but can randomly vary during
every PL experiment. The OFF coe cient ofr is generally around 1.5, is insensitive to
common experimental parameters such as environment, incident power, temperature etc.
and mostly, follows over 5 orders of magnifude the trend.

Figure 1.4: The two Models for Blinking: TYPE A vs TYPE B as explained by Galland
et al.[11]

The ON coe cient oy is also around 1.5 but is much more sensititve to the listed pa-
rameters and generally is not enough to mathematically describe data: a cutt o function
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has to be added to follow the experimental distribution for higher times. Based on experi-

mental observations, several modi cations have been proposed to the charging/discharging
model mostly focusing on the mechanisms for ionization and re-neutralization of the QD

to explain the power law statistics of the ON and OFF time probabilities.

At phenomenological level, there are two main types of blinking that have been observed
and studied; in this explanation both lifetimes and PL intenisity are correlated in a
measurement called Fluorescence-Lifetime Intensity Distribution (FLID) (see gure 1.4):

" TYPE A blinking: for this type of blinking, traditional charging/discharging model
is applied; when the dot is charged, it is not emitting because Auger mechanism
dominates, so lifetime during o times strongly accelerates respect to neutral. When
dot is neutral again, PL emission is measured with given lifetime

TYPE B blinking: in this model, hot carriers can be trapped in the defect surface
states; as a result, the PL intensity uctuates as a response of the probability of
the electron to detrap and end-up in the band edge state where it recombines. For
this reason, the dynamics of recombination is the same and so the lifetime is not
a ected.

A lot of strategies have been studied to suppress blinking in nanocsystals; among them,
the most common approach has been reduce the defectuality with certain ligands [11] or
by growing a gigant shell around the core to better isolate the emitting core, suppress
Auger and tunneling of the charges due to increased distance to the trap. For such system,
another interesting e ect has been observed called "lifetime blinking": PL trajectory is

almost blinking free, instead charge uctuations would result in changes of the decay [12].

We are still far from understanding completely the phenomenon of blinking in quantum
particles and a combined experimental and theoretical approach is fundamental in mate-
rial science and design
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Figure 1.5: Lifetime blinking by Galland et al. [12]

1.2.2. Experimental requirements

Microscope and Resolution

The rst requirement to build a SPS setup is to have a home-build microscope, meaning
in rst approximation, an optical system able to magnify very small areas. As a starting
point of this work, we want to adapt an already existing microscope in our laboratory, the
Nikon Ti-U Inverted Microscope. In order to do so, we need to verify whether its optics
and optomechanics (translational stage, focus knob) are suitable for our project.

In order to ful ll the requirements illustrated in section 1.1, rst we need to focus ex-
citation light in the smallest spot possible; the limitation on the dimension of the spot
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depends rst on the dimension of the collimated beam before being focused and secondary
on the power of the optics that focus the light. The dimension of the spot can not be
in nitely small because it is limited by light di raction when it reaches the condition for
which its diameter becomes comparable with the wavelength; the lateral dimension of
the spot is limited by the so called Abbe Resolution limit, which de nes the diameter of
the maximum point function (called Airy Disk) before di raction fringes start occurring
(gure 1.6, left panel); the resolution can be calculated by the equation:

Abbe Resolutiony y piane = (1.6)

2 NA

where is the wavelength used as excitation, NA is is the Numerical Aperture of the lens.

Figure 1.6: Left: The shape of a Airy Disk with rst orders diraction fringes. Right:
In uence of NA on the Airy Disk diameter and shape

The Numerical Aperture of an optical element is the de ned as the product of the refrac-
tive index of the medium where light is propagating and the sine of the angle of aperture
(NA = n sin( )). It can be seen as the capability of a lens to curve strongly the light:
the highest the NA, the more light can be curved in a smaller angle and so focused into
a smaller point and closer to the lens plane.

From equation 1.6 we derive that the smaller dimension of the spot we can obtain is
directly proportional to the wavelength of excitation and inversely proportional to the
NA of the objective.

To give a practical example, using a green laser with wavelength 500 nm, and an objective
with NA of 1.4 the Airy Disk diameter will be 200 nm; For our application, we want to
have the smallest point excitation achievable, so we want to get as close as possible to
the theoretical limit of Airy Disk. To achieve this, we have to play at the best of our
capability with the elements in equation 1.6 to optimize it experimentally:
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has to be as small as possible; the choice of excitation wavelengthhough is
limited by a lot of di erent factors such as the absorption pro le of the samples and
the availability of speci c wavelength of commercial lasers. Moreover, below 400
nm, optical glass' transmittance performance start to decrease signi cantly. This
means that by varying the excitation wavelength from 500 nm to 400 nm we can
shorten the spot dimension by 20% maximum.

NA is a much critical parameter on Abbe resolution (see gure 1.6, right panel) as
it spans from 0.04 to 1.4 (maximum value achieved nowadays by optics design) and
is intrinsically limited by physical costrains. Because it is on the denominator of
the equation, it follows that using di erent objective can drastically change orders
of magnitude the spot size. For our means, the highest NA is recommended.

For these reasons, we decided to use a 100x Objective with NA=1.4 from Olympus already
installed within the Nikon microscope for our experiments. For this objective, we can also
evaluate the Axial resolution along the focus, which is described by the equation:

AbbeResolution= 1.7)

2
(NA)?
Putting together the axial and lateral resolution with a 500 nm source, we have a theo-
retical spot size of 200 nm whose focus sensitivity is roughly 500 nm.

In real experiments, this means that our in plane and axial mechanics has to be in the
micrometer range sensitivity. For Nikon Ti-u the ne coarse focus knob can reach the
1 m sensitivity, while the x-y knob can only reach 5 m; this limitation is not com-
pletely restricting but it de antly requires to be overcame in some way; it can be partially
overcome with sample preparation, as it will be discussed in section 1.3.2.

Once we determined our microscope architecture posses the su ciently accurate optome-
chanics elements to focus correctly light on sample into a di raction-limited spot and
move the sample with su cient accuracy to shine the spot over a single particle to be
found over a large area, we need to have the correct processing system to collect and
analyze the out coming photons.

Imaging system

The rst detector needed is an imaging system: a detector able to convert the spatial
distribution of uorescence light emitted from the sample into a digital image. The
visualization of the surface For this means, two types of architectures are possibile:
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" A Charge Coupled Device (CCD) or a Complementary Metal-Oxide Semiconductor
(CMOS) coupled to the microscope; a CCD is a matrix made of pixels, each able
to convert the number of incident photons into a bias value, that can be then
processed into a digital image. For this systems, excitation light is shone over a
given area and collimated beam of emitted light with the same shape has to be
nely directed in free space to the sensor with the only help of mirrors to avid any
distortion. Collimated photons will impact perpendicular to the CCD maintaining
their reciprocal x-y spatial feature and the 2D image of the sample focus plane will
be recreated by software elaboration

A Point-Scanning Device with a laser source; this system reconstructs a 2D image of
the focal plane by scanning the sample's area point by point, recording the intensity
for each point and nally reconstructing the image putting together all the scanned
points into a matrix. For this imaging system, a Photomultiplier tube (PMT) it is
typically used to convert the light intensity collected per point into a bias that is
then elaborated by software. In this case, light can be brought to sensor via ber
as reciprocal spatial features are reconstructed in a second stage depending on the
scanning parameters.

In either case, collecting a good image of the sample fundamental step in a SPS mea-
surement and in the set-up design. In fact, the image is a map of the sample surface
and allows us to visualize micrometric area to be explored looking for single particles; for
a 100x objective, easy calculation leads to the estimation that it is possible to visualize
maximum a circular area of the sample with radius 180m (called Field of View, FOV) .
This is a direct way to estimate of the distribution of particles on the sample surface and
is the key information that guides the experimental preparation of the sample. With an
optimized imaging system, it is immediate to see if we have enough luminescent points in
the eld of view, or if there are too few, if they're aggregating in microstructures, if the
morphology of the Im is homogeneous or not, if the luminescent points are separated
enough to be measured and so on.

Depending on the chosen image system, light source for imaging can be dierent: for
scanning system, a point source such as a laser is enough as it will be moved along the
whole FOV to construct image. For a CCD sensor, the light source is not moving so we
can see a portion of the sample as big as the illumination source; laser generally have a
small spot compared to the total FOV, so they can image a very small fraction of it, while

a lamp generally can be useful to illuminate a wider area.
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Spectroscopic tools

After visualizing spatially the sample morphology and evaluating the presence of isolated
luminescent points, we can move forward to the spectroscopic measurement on those
points to characterize them.

This is the key step because those measurements are the most complex one to realize and
optimize, and of course the core ones.

At this step, the laser spot is perfectly placed on the luminescent spot which is emitting
photons that are all collected and collimated at in nity by the objective.

" A Spectrometer to measure PL spectrum: light is focused on slit, then dispersed
by a diracting grating and nally focused on a CCD/CMOS. The result is the
spectrum of the luminescent point;

" A Hansbuty-Twiss Set up composed by Avalanche Photo Diodes (APD) for both
Time Resolved Photoluminescence and Second order Correlation Functigif!

Figure 1.7: Left: Schematics of a Optical Spectrometer. Right: The basics of a Hansbury
Twiss Set-up

A schematics of a Spectrometer is reported in gure 1.7; the number of lines in the
grating and slit aperture together de ne the spectral resolution of the system, by de ning
respectively how strongly light is spatially dispersed and the size of the image. The
combined e ect of those two elements de nes a bandwidth  which represent how much
an ideally monochromatic light will be broadened by the measurement.

A schematics of a typical Hansbury-Twiss Set up is reported in gure 1.7 (right panel).
Incoming photons go through a silver plate with a 45 degrees incidence angle, which splits
them in two beams with the same number of photons (50:50). Each beam is then directed
to a detector which registers each photon event and sends a electrical signal to the counter,
who elaborates the correlation.
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For this speci c application, APD have been chosen as single photon detectors. APD
belongs to the family of Silicon photodetectors: a p-i-n junction is used to detect a
photon, as when this happens a hole-electron pair is formed, both inducing the ow of a
current and a voltage that is measured in the circuit. Di erently from a "normal” diode,

at the junction in APD a bias voltage is applied to expand the depletion layer. This is
called operating in "Geiger Mode", meaning the photodiode is kept at voltages slightly
above avalanche breakdown, so that even one incident photons can move the APD into
breakdown, generating a ood of electrons with extremely high e ective gain. Geiger-
mode measurements employ quenching electronics that turn immediately the generated
current a series of digital pulses. After the quenching, the voltage has to be restored back
to the higher initial potential so the sensor is ready to detect another photon.

Figure 1.8: Upper panel:An image of a APD detector box and its spectral response, Lower
panel: Schematics of the bias-current characteristics of the Geiger Mode of a Si diode

Their performance is the best among all the photodetectors due to their very high sen-
sitivity to ultra low optical signal and highest quantum e ciency (maximum quantum

e ciencies reported are about 80%) [13]; a single photon event can generate an avalanche
of circa 100 carriers, which is able to determine with high precision the time arrival of the
photon. Further more, it has extremely low dark counts, meaning electrical signals mea-
sured from other than photon events is very low. These high performance come at some
costs: rst, the active area of the sensor is very small compared to other photodetectors



1| Single Particle Spectroscopy: set-up design, realization and rst
16 applications

(100 m vs millimeter sensors for most PMTs), making the alignment extremely critical,
for our SPS set up, this dimension is still much bigger than the actual dimension of our
emissive spot we want to measure, and for this reason the size of the detector is not a
limitation, rather it works pretty well if we keep the ratio object vs signal dimension 1:1.
Another issue peculiar of an APD detector is dead time: this is the time after the detec-
tion of a single photon when the sensor has to restore itself to its working voltage after the
avalanche started; during this period of time, the detector is e ectively blind as no other
photon can be recorded in this period. Because we work in a single photon regime, we
do not expect more than one photon event per laser pulse; actually, the expected number
of stop pules respect to the start pulses to reasonably keep the single photon statistics is
5%. Moreover, we work with a double detector set up so we can overcome the dead time
in the interferometry geometry.

Laser diodes and/or APDs generate an electric pulse everytime a optical event occurs, it
is needed to have a Photon Counting Module to be able to correlate these information
and reconstruct the temporal dynamics: this is performed by a Time-Correlated Single
Photon Counting (TCSPC) system.

When the module reads a start signal due to arrival of a NIM bias, the photon counting
starts its analogic timing record by charging a condenser; when a stop bias arrives, the
charging stops and the bias value is converted to a time value. All of this tasks are
performed by a Time to Digital Circuit (TDC). A point is then added to a histogram
reporting time versus number of events, which gives rise to the typical decay curves of
TRPL.

Modern TCSPC devices are fundamentally di erent in design. Instead of operating like
a stopwatch, they have independent TDCs for each input channel. The important detail
is that the individual TDCs are running o the same crystal clock. If a timing di erence

is needed, like in classical histogramming, it can be obtained by simple arithmetic in
hardware

For our scope, together with the normal TSPC tasks it is fundamental to perform ad-
vanded analysis to be able to reconstruct the Second Order Correlation functigf® .

We need a more robust tool to be able to collect all of those information. For this rea-
son we picked the Picoquant Module who is able to work in an advanced mode called
Time-Tagged Time-Resolved (TTTR) mode. In this mode, the TSPC has the capability
to record the arrival times of all photons relative to the beginning of the experiment (time
tag), into which chanel it has been recorded in case of double detectors or the picosecond
TCSPC timing relative to the excitation pulses when using one channel for laser. This
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Figure 1.9: Schematics of TTTR working principle. Panel A shows how T2 mode records
event, Panel B shows how records are saved in T3 mode, Panel C shows how the T3 data
stream can be elaborated to obtain time trace and lifetime histogram

mode is extremely complex but allows extremely delicate measurement. The 32 bit event
records are queued in a FIFO (First In First Out) bu er capable of holding several millions
of event records. Those records are written in a binary les where all this information is
stored.

We can perform two modes of TTTR measurement, depending on the information to
obtain:

1. T2 MODE: the two TSPC inputs are the APDs. The events from all channels
are recorded independently and treated equally. In each case an event record is
generated that contains information about the channel it came from and the arrival
time of the event with respect to the overall measurement start. The time tags
are recorded with the highest resolution the hardware supports. Dead times exist
only within each channel but not across the channels. Therefore, cross correlations
can be calculated down to zero lag time. This allows powerful applications such as
coincidence correlation

2. T3 MODE: one input of the TSPC is the pulsed laser while the other is the APD.
In this case it is possible to record both absolute time and relative time respect to
the laser pulse.

The stream of data both T2 or T3 are elaborated by a custom software written by Dr.
PhD Matteo Za alon. By analyzing the di erent markers on each photon event it is
possible to:

" Associate each photon event to corresponding laser pulse to build the Histogram for
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lifetime evaluation
" Report the total intensity over time recorded by the APD for PL trajectory

" Evaluate the correlation with an algorithm that for each photon event checks for
the closest photon event on the other channel and calculates the time lag between
them. All the lags calculated are then stored in memory and summed in histogram
mode to obtain total.

" Plot a 3D plot with lifetime as a function of intensity in the so called Fluorescence
lifetime-intensity distribution (FLID). This measure is fundamental to understand
what type of Blinking is observed.

Figure 1.10: Schematics of Photon Correlator software. Upper panel shows the basic
Analysis it is possible to perform on T2 and T3 les: Lifetime,g® , PL trajectory,
Histogram of On O evens. Lower panel shows the FLID analysis to perform on T3 les.
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1.3. First Experimental Approaches and Preliminary
results

In this section | will illustrate the starting points of the SPS experimental e orts, which
samples we selected to start from and how our rst trials lead us to understand the main
issues of such technique.

1.3.1. Choice of samples of interest

Among one of the rst scienti ¢ question to address, we rst selected a number of colloidal
nanocrystal for which SPS spectroscopy could actually address some of the open questions:

Figure 1.11: PL and Absorption pro les of chosen samples; from left to right CulnS, Au
doped CdSe QDs, and Ag doped CdSe NPs

" CulnS. This ternary nanocrystal has been fondly studied due to its very stokes
shifted emission and high photo-luminescence quantum yield for applications in
luminescent solar concentrators, Bio-imaging [14]. Nevertheless, the origin of their
optical properties has been discussed and to this date there is not a de nitive answer
to such question. Even at single particle levels, only two works have been published
and show very di erent models to explain the experimental data [15, 16]. For these
reasons, we decided to tackle this problem by selecting this ternary nanocrystal as
one of the candidates for our SPS study.

Au: CdSe QDs. The synthesis of this QD has been pioneered by our group and it
sits in the still-going broad eld of doped nanocrystals [17]. The reason behind such
broad PL can be understood at single particle and the e ect of number of dopands
on the optical properties can be investigated by a single particle

A

Ag doped Nanoplatlets (NPs). For this NPs, it is possible to observe both the Band
Edge emission of the nanoplatlets at 500 nm and the dopant PL [18]; with SPS it
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