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Introduction
Over the last two decades, the generation of single photons on demand has become
a field of huge interest for potential applications. A major driver of the current
research into single-photon sources is the significant advance in quantum-information
science [1] , including quantum communication [2] [3] [4] and cryptography [5] [6]
[7], quantum simulation and computing [8] [9] and quantum metrology [10] [11].
Quantum communication is focused on the transfer of the quantum information and
involves the generation and the use of quantum states for communication protocols,
proposing new techniques for secure communication. The most important examples
are the protocols built on quantum random number generators (QRNG) for secret
keys and Quantum Key Distribution (QKD), which has already reached commercial
availability and offers a way to exchange cryptographic keys with absolute protection
from eavesdroppers. In quantum simulation well-controlled quantum systems allow
to reproduce the evolution of other less accessible systems and quantum communication employs quantum effect to enormously speed up certain calculations, solving
hard problems for classical computation. Furthermore, quantum metrology aims at
using quantum resources, like non-classical correlations of different quantum states,
to beat the classic limit of precision measurement.
Single photons soon proved to be interesting qubits for such applications, that
cannot be achieved with classical light. They have different degrees of freedom into
which the information can be encoded, they can be easily manipulated and detected
and they are also highly immune to external disturbances: these properties make
them an interesting option as flying qubits for long distance quantum information
transfer [12].
An ideal single photon source would be one for which: a single photon can be
emitted on demand, the probability of emitting a single photon is 100% and the
probability of multiple photon emission is 0%, subsequent emitted photons are
indistinguishable and the repetition rate is arbitrarily fast. However, deviations from
these characteristics are always present in real-world sources. There are different
systems that have been investigated for use as on-demand sources of single photons,
such as single atoms[13] [14] [15], single ions [16] [17] [18], single molecules [19] [20]
[21], color centers [22] [23] [24] and semiconductors quantum dots [25] [26] [27] [28].
In the last few years the interest in perovskite nanocrystals - originally studied for
solar-cell application - is rapidly raising in the quantum optics community. It has
been demonstrated that quantum confined perovskite nanocrystals can behave as
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very efficient single photon emitters at low and room temperature, as indicated
by a strong antibunching detected in photoluminescence measurements [29]. This
observation is explained by the presence of fast non radiative Auger recombination
which suppresses emission from biexcitons and other higher-order multiexcitons.
Moreover, perovskite nanocrystals are versatile emitters for the possibility to tune
their emission wavelength playing on their size and composition[30]. In addition to
this, they are easily synthesized by low-cost, well mastered wet chemistry techniques,
unlike other single photon sources - as single defects in nanodiamond and epitaxial
quantum dots - which require heavy fabrication facilities. Despite these interesting
features, their use is limited by different instabilities as they usually bleach after few
minutes under illumination and present fluctuations (blinking) on the photoluminescence intensity. Overcoming these instabilities is a key challenge for the future
development of this material.
In this thesis I will present a full analysis of the optical and quantum properties
of highly efficient CsP bBr3 perovskite nanocubes which exhibit reduced blinking
together with a strong photon antibunching of the emission. These nanocubes are
synthesized in collaboration with the Institute des Nanoscience de Paris (INSP)
with a method, used for the first time for this purpose, that allows us to obtain
higher stable samples which can be excited under optical excitation for more than
one hour. Finally, for the first time with such kind of emitters, we achieve the
coupling of a single perovskite nanocrystals with a tapered optical nanofiber. As
shown in the case of atoms[31] [32] and solid state emitters[33] [34] [35], this technique is of considerable importance for quantum technology’s applications and it is a
promising step towards the realization of a compact, integrated, single photon source.
The experiments presented in this thesis have been carried out at the Laboratoire
Kastler Brossel (LKB) of the Sorbonne Universitè of Paris. I would like to thank
Prof. Francesco Marin for encouraging this experience abroad and Prof. Alberto
Bramati and all the members of the Quantum Optics group - in particular Stefano
Pierini - for having guided every step of my work with great attention and enthusiasm.
This manuscript is organized as follow.
The first chapter reviews the theoretical background for the study of a single photon source, introducing the key factors to understand their physics and performance
and concluding with a brief overview of the state of art of single photon sources. In
the second chapter I will explain the main structural and optical characteristics of
cesium lead halide perovskites, giving space to the main synthesis techniques and finally focusing on the state of the art of these perovskite nanocrystals as single photon
emitters. In the third chapter I will detail the experimental setup, the information
we can acquire from the different measurements together with the method to process
the data. The fourth chapter will be devoted to the experimental characterization
of the CsP bBr3 nanocrystals, presenting a full analysis of their optical and quantum
properties. Finally, the fifth chapter will describe the coupling of a CsP bBr3
nanocube with a sub-wavelength optical nanofiber. I will explain the properties of
the light that nanofibers can guide, the fabrication method and the results of the
performed antibunching measurements .

1

Chapter 1

Single photon sources based on
single nanoemitters
The idea of manipulating single photons required a long gestation process which
began in 1900 when Planck introduced the quantization of the electromagnetic energy
to explain the spectrum of black-body radiation. Five years later, in 1905, Einstein
used the concept of photons to explain the photoelectric effect. However, in this
new semi-classical frame where matter is quantized, light remains a classical wave.
Only after a few decades researchers began to look for specific quantum properties
of light that could not be understood in a classical frame. The Hanbury-Brown and
Twiss interferometry experiment in 1956 to study the coherence properties of light
and the discovery of the laser in the 1960s fueled this interest. A deep analysis of
the quantum properties of light and a reformulation of the theoretical framework
started at this period [36].

1.1

A toolbox for single-mode quantum optics

A mode of the electromagnetic field in a cubic region of space of side L can be
directly quantized, with a procedure analogue to that used for a harmonic oscillator:
it is possible to define the operators â~k,~ and â~† that respectively annihilate and
k,~
create one photon of energy ~ω~k in the electromagnetic field’s mode characterized
by a wave vector ~k and a polarization ~ perpendicular to ~k :
E

√

E

q

â~k~ n~k~ =
â~† n~k~ =
k~

E

n~k~ n~k~ − 1

n~k~ + 1 n~k~ + 1

(1.1)
E

The eigenstate |ni~k~ relative to the number operator n̂~k~ = â~† â~k~ , whose eigenvalue
k~
counts the number of excitations in the selected mode, is called photon-number state
or Fock state. The single photon state, characterized by the presence of a single
excitation in the selected mode, is described by the state |ni~k~ = |1i.
In the Heisenberg representation, the electric field operator at position ~r could
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be written as the sum of two contributions:
Ê(~r, t) = Ê + (~r, t) + Ê − (~r, t)

(1.2)

where
s

Ê + (~r, t) =

XX
~k

~e~k~

~

s
−

Ê (~r, t) =

XX
~k

~e~k~

~

~ω~k
â~ e−i χ~k (~r,t)
20 V k~

(1.3)

~ω~k † i χ~ (~r,t)
â e k
20 V ~k~

are the positive and negative frequency parts of the electric field operator and χ~k (~r, t)
is a phase term defined as
π
χ~k (~r, t) = ω~k − ~k · ~r −
2

(1.4)

As in the case of the harmonic oscillator, â~k,~ and â~† are not Hermitian operators
k,~
and they cannot represent observables, according to the general principles of quantum
mechanics, even if they have simple properties and are extremely useful in calculations.
It is sometimes more convenient to work with the quadrature operators defined by:
1
X̂ = (â† + â)
2

Ŷ =

1 †
i(â − â)
2

(1.5)

that satisfy the Hermitian operator condition1 [36].
The field can be expressed in terms of the two quadrature operators and the
equation 1.3 can be further simplified removing the square-root factor2 :
Ê = Ê + (χ) + Ê − (χ) = X̂ cos χ + Ŷ sin χ

(1.6)

It can be observed that the number state |ni is a state of well-defined energy
but not with a well-defined electric field [37].
In fact the average field is zero as can be observed from:
hn| X̂ |ni = 0 = hn| Ŷ |ni

(1.7)

but the mean of the square of this field is not zero and for both quadratures it is
easy to derive that:
1
1
hn| X̂ 2 |ni = (n + ) = hn| Ŷ 2 |ni
(1.8)
2
2
The variances of the quadrature operators are defined by:
D

E

D E2

(∆X)2 = X̂ 2 − X̂

D

E

D E2

(∆Y )2 = Ŷ 2 − Ŷ

1

(1.9)

Being schematized by a harmonic oscillator, an electromagnetic mode can be described by a pair
of conjugate non-commuting operators similarly to position and momentum for a one-dimensional
particle. In a classical wave representation, these complementary operators can be chosen as
amplitude and phase. Heisenberg’s uncertainty principle requires that the fluctuations on these
conjugate variables cannot both be arbitrarily small.
q
2

The convention is that the electric field is measured in units of 2

~~
ω~
k
20 V

.
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The variances obtained for the number states are therefore:
1
1
(∆X)2 = (n + ) = (∆Y )2
2
2

(1.10)

In particular, this uncertainty is minimized in the case of vacuum state (n = 0):
1
= (∆Y )2vac
4

(∆X)2vac =

(1.11)

However a state with n photons cannot describe an electromagnetic wave, since
the measureable electric and magnetic fields have a non-zero expectation value.
In order to satisfy this request, we introduce the coherent states[38] [39] |αi which
can be written in the basis of Fock States according to:


∞
X

2

|αi = exp −|α| /2

αn
|ni
(n!)1/2
n=0

(1.12)

In particular |αi is eigenstate of the annihilation operator â with eigenvalue α, such
that
â |αi = α |αi
(1.13)
.
The property 1.13 allows us to find out the expectation value of the number
operator and the variance of photon number when the system is described by a
coherent state, respectively:
hni = |α|2
D

E

(1.14)
2

(∆n)2 = n2 − hni = hni
From 1.14 it is possible to deduce that the number of photons follows a Poisson
distribution. The probability of finding n photons in the mode considered is given
by:
|α|2n
P (n) = |hn|αi|2 = exp(−|α|2 )
(1.15)
n!
Using the property 1.13 it is also possible to obtain the coherent-state expectation
value of the quadrature operators:
hα| X̂ |αi =

1
1
hα| (â† + â) |αi = (α∗ + α) = Re(α) = |α| cos θ
2
2

(1.16)

and in a similar way
hα| Ŷ |αi = Im(α) = |α| cos θ

(1.17)

where we have put α = |α|ei θ. After calculating the expectation values of the squares
of the quadrature operators, it is possible to derive the quadrature variances:
(∆X̂)2 =

1
= (∆Ŷ )2
4

(1.18)

Thus the coherent state is a near-classical state because it not only yields from
eq. 1.16 and 1.17 the correct form for the field expectation values but contains only

4
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the noise of the vacuum in eq. 1.11. However, in spite of these properties, they
are still quantum states [37]. In principle, it is possible to generate states in which
fluctuations (i.e. photon number fluctuations) are reduced below the coherent state
condition 1.18 in one quadrature component. Of course, the fluctuations in the other
quadrature must be enhanced (i.e phase noise), such that the Heisenberg uncertainty
principle is not violated. Such states of the radiation are called squeezed states
and they have attractive applications in optical communication, photon detection
technique and gravitational wave detection[40].

1.2

How to generate single photons beams

The simplest way to approximate single photon Fock states is to attenuate a pulsed
laser beam. For a laser beam with an average intensity of µ photons, the probability
of having n photons for each pulse is given by:
p(n, µ) =

µn e−µ
n!

(1.19)

and the probability that weak coherent pulses contain more than one photon is given
by [5]:
P1+ =P (n > 1|n > 0, µ) =

1 − e−µ (1 + µ)
µ
1 − P (0, µ) − P (1, µ)
=
'
e−µ
1 − P (0, µ)
1−e
2

(1.20)

This probability can be made arbitrary small by reducing the mean number of
photons in each laser pulse, but choosing µ → 0 increases the probability that a
pulse does not contain any photon at all. Although these faint laser are much easier
to built and operate than single photon sources and are used in some quantum
cryptography applications [41], they do not allow to obtain an effective single photon
generation. In fact, faint laser pulses deliver Poisson distributions of photons, from
which multi-photon events can never be entirely suppressed even for very weak pulses
[42].
An efficient way to generate a single photon flux consists in using the fluorescence
between two energy levels of a quantum emitter. In general, an emitter has a
complex scheme of energy levels; by using a monochromatic laser radiation, at
resonance with only one of the system’s optical transitions, it is possible to couple
two levels according to the electric dipole selection’s rules. The remaining levels can
be neglected because, far from the resonance condition, they interact only weakly
with the light. Such two-levels system, as showed in figure 1.1, is initially in its
ground state |0i and it can be excited in the state |1i; it remains in such state up
to the spontaneous relaxation toward the state |0〉, resulting in the emission of a
photon. Let us make some hypotheses:
• the duration of the excitation pulse is shorter than the lifetime of the excited
level τ10 in order to avoid more than one absorption-emission cycle;
• the period of the laser pulses is longer than τ10 ;
• the excitation pulse intensity is high enough to stimulate the transition |0i →
|1i;

1.3 Statistical classification of sources
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• the spontaneous relaxation |1i → |0i is purely radiative.
In this way is not possible to have the emission of more than one photon and the
probability in equation 1.20 goes to zero [43].

Figure 1.1. Scheme of a quantum emitter excited by a resonant monochromatic radiation
with the electronic transition |0i → |1i.

1.3

Statistical classification of sources

As seen, the statistical properties of coherent light are described
by a Poisson
p
distribution with photon number fluctuations given by ∆n = hni. This property
provides a benchmark for classifying other types of light according to the standard
deviation of their photon number distributions [44]. In general, we can distinguish
the three following cases, illustrated in table 1.1.
Table 1.1. Classification of light according to the photon statistics.

Photon statistics

∆n

Classical equivalents

Super-Poissonian
Poissonian
Sub-Poissonian

p
>p hni
hni
p

Thermal light, chaotic light
Coherent light
None

<

hni

Super-Poissonian and sub-Poissonian light distributions are, respectively, broader
and narrower than Poissonian distribution, as showed in figure 1.2.
Super-Poissonian statistic characterizes all classical light beams with time-varying
light intensities, like thermal light from a black-body source or partially coherent
light from a discharge lamp. For example, thermal light’s statistic follows the
Planck distribution characteristic of the black-body radiation at the thermodynamic
equilibrium:
hnin
Pth =
(1.21)
(1 + hni)n+1
whose variance is given by (∆n)2 = hni + hni2 3 .
3

The average value of photons per mode is given by Planck’s formula: hni =

1
.
exp(~ω/kb T )−1

6
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Sub-Poissonian light, instead, has no classical counterpart. Therefore, the observation of sub-Poissonian statistics is a clear signature of the quantum nature of
light. Thus, since ∆n = 0 for Fock’s states, these are the purest form sub-poissonian
light. As we will see, a single-photon source can match this distribution by delivering
single photons at regular time intervals.

Figure 1.2. Photon statistics comparison for light with Poisson,sub-Poissonian and superPoissonian distribution, with the same mean photon number. Picture taken from
reference [44].

1.4

The second order autocorrelation function

In section 1.3 we have seen how light beams can be classified according to their
photon statistics, now we shall look at a different way of quantifying light monitoring
the photons detected at two different time instants t and t + τ . Let us consider the
three following functions of time [42]:
(I) the instantaneous intensity:
D

I(t) = 20 c E − (t)E + (t)

E

(1.22)

(II) the first-order correlation function:
g (1) (τ ) =

E − (t + τ )E + (t)
hE − (t)E + (t)i

(1.23)

where the average is supposed to be taken over a stationary state of light;
(III) tthe second-order correlation function,classically written as:
g (2) (τ ) =

hI(t + τ )I(t)i
hI(t)i2

(1.24)

with the quantum-mechanical expression:
g (2) (τ ) =

E − (t)E − (t + τ )E + (t + τ )E + (t)
hE − (t)E + (t)i2

(1.25)

1.4 The second order autocorrelation function
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Rewriting 1.25 for a single mode of the field, as seen in section 1.1, and for τ = 0 we
have:
D

g (2) (0) =

â† â† ââ
hâ† âi

2

E

=

n2 − hni
(∆n)2 − hni
hn(n − 1)i
=
=1+
2
2
hni
hni
hni2

(1.26)

The quantity in eq 1.26, called second-order autocorrelation function , allows thus a
threefold classification linked with the statistics seen in section 1.3:
• Bunched light: g (2) (0) > 1
There is a bigger probability of detecting a second photon at shorter time
intervals, rather than at larger delays. This is the case of super-Poissonian
sources like black-body radiation.
• Coherent light: g (2) (0) = 1
The probability of detecting two photons is the same for any time interval
τ , resulting in random time intervals between two photons. The statistic is
Poissonian.
• Antibunched light: g (2) (0) < 1
The probability of detecting a second photon is negligible for small time
intervals, but increases with τ ; this case corresponds to a sub-Poissonian
statistics.

Figure 1.3. Comparison of the photon streams for antibunched light, coherent light and
bunched light. The Poissonian photon statistics in the case of coherent light correspond
to random time intervals between the photons.

As we have already seen in section 1.3, bunched and coherent light are compatible
with classical results, instead anti-bunched light has no classical counterpart and it
is a purely quantum optical phenomenon. This is the case of an ideal photon source.

8
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Figure 1.4. Simulation of the second order field autocorrelation functions, calculated for a
single photon source (blue), coherent light (red) and chaotic light (black). For single
photon source, the characteristic profile of the antibunching dynamics is observed at
τ = 0.

1.5

The Hanbury-Brown and Twiss (HBT) interferometer

The second-order correlation function was conceptually introduced by the experimental work of Hanbury-Brown and Twiss in 1950s, when they developed an intensity
interferometer to measure the angular diameter of stars [45] [46]. A schematic
illustration of the HBT interferometer in shown in figure 1.5. A stream of photons
is incident on a 50 : 50 beam splitter that equally divides it between the two ouputs
on the detectors D1 and D2; the resulting output beams are fed into an electronic
unit that records the time elapsed between counts from D1 and D2 and counts the
number of pulses at each input [44]. Since the number of counts on a photon-counting
detector is proportional to the intensity, it is possible to rewrite the classical second
order correlation function in eq. 1.4:
g (2) (τ ) =

hn1 (t)n2 (t + τ )i
hn1 (t)i hn2 (t + τ )i

(1.27)

where n1 (t) and n2 (t) are respectively the number of counts on detectors D1 and
D2 at time t. This quantity gives the conditional probability of detecting a second
photon at time t + τ , given the detection of a photon at t. By varying the time delay
between the detection events, g (2) (τ ) can be measured. Thus we can deduce that, if
photons arrive in bunches, half of the photons are split towards D1 and the other
half towards D2, with a high probability that both detectors register simultaneously
a detection event. If instead we consider single photons with long time intervals
between them, following the same procedure, we therefore would expect no events
at τ = 0, but some events for larger values of τ .

1.6 The ideal single-photon source
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Figure 1.5. a) Hanbury-Brown and Twiss (HBT) experiment. A photon stream is incident
on the beam splitter.The pulses from the single-photon counting detectors D1 and D2
are fed into an electronic counter/timer which counts the number of pulses from each
detector and records the time that elapses between the pulses at the start and stop
inputs. b) Histogram showing the number of events recorded in a particular time interval
for a bunched photon stream. Figure taken from reference [44].

1.6

The ideal single-photon source

A single-photon source should produce light pulses with no more than one photon,
in a pure quantum state and as efficiently as possible. To describe these features,
we can define the following properties:
• Single-photon purity: this property is measured by the second-order autocorrelation function, described in section 1.4. We have seen that a light field
with no more than one photon leads in principle to g (2) (0) = 0. However there
are many factors that can affect the purity of a source. Imperfections in the
measuring apparatus can in fact lead to the simultaneous detection of several
photons: there may be an inefficient collection or a high background noise due
to the dark counts of the detectors. A high single-photon purity is required in
quantum communications, quantum computation and simulation [47].
• Indistinguishability: in order to be indistinguishable, two photons must
be in exactly the same spatial mode and described by the same coherent
wavepacket4 . The indistinguishability is therefore characterized by the mean
photon wavepacket overlap M , commonly assessed by interferometric measurements through the Hong-Ou-Mandel experiment[48]. Perfect indistinguishability is characterized by M = 1. Poor spectral, temporal or spatial mode
overlaps as well as non-matching polarization states lead to a strong corruption
of this value[49].
• Brightness: the brightness of a single-photon source may have different definitions. A commonly used definition is the probability B that each light pulse
contains a single photon, without vacuum component |0i. For a deterministic
single-photon source B = 1, but this value is strongly affected by any optical
loss. The brightness is one of the factors that determines the speed of quantum
communications or computation protocols [47].
4

It is the case of single-photon source with a Fourier-transform-limited spectrum.
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• Quantum Yield: this quantity, which is not independent from brightness, is
defined as[50]:
ΓR
QY =
(1.28)
Γ
where Γ = ΓR + ΓN R is the sum of all the decay rates in the channels available
for spontaneous emission, respectively radiative and non-radiative decay rates.
In an ideal single photon source, photons are generated by decays along a single
radiative channel. However, real emitters, once excited, can decay towards an
intermediate state from which they relax in a non-radiative way, or emitting
photons with a frequency different from the desired one.

1.7

Blinking and bleaching

The emitter’s quantum efficiency can be undermined by different undesired phenomena, such as blinking and photon-bleaching [50].
The fluorescence blinking, also referred as fluorescence intermittency, has been
observed for a wide range of single emitters, including quantum dots [51] [52], color
centers in diamonds [53] [54] and single molecules [55] [56]. It consists in strong fluctuations in the photoluminescence of a single emitter under excitation: the emitter’s
photoluminescence switches on and off on time scales spanning from microseconds
to hundreds of seconds. This effect can be easily observed in the luminescence
time-trace, that is a graph of the luminescence’s intensity as a function of time. A
typical trace is reported in figure 1.6, showing clearly strong fluctuations in the
emission intensity between high and low intensity states.

Figure 1.6. CdSe/ZnS nanocrystal photoluminescence time-trace. Succession of high and
low emission periods are clearly observed. Figure taken from [57].

It was observed that the distributions of ON and OFF periods are governed by a par-

1.8 Main single photon sources

11

ticular type of statistics, called Levy statistics[58], which is characterized by nonstandard statistical properties such as statistical aging and ergodicity breaking[59][60].
Since the initial observation[61], the blinking has been studied extensively [62]
[63] [64]. The details of the underlying mechanism responsible for blinking are still
debated, although it is generally agreed that non-fluorescence periods during blinking
are directly result of charge carrier trapping, as I will describe in chapter 4.
In the photo-bleaching of the emitter, differently, the efficiency drops irreversibly
and not resumes, resulting in a permanent off state. This phenomenon is caused
by an irreversible process, for example by a photo-induced chemical reaction. To
distinguish between blinking and bleaching it’s therefore necessary to check if the
luminescence is resumed or not, although bleaching often takes place at longer
timescales than blinking.
It is clear that these phenomena deeply undermine the possible applications of
a single photons source and many efforts are being made to suppress or at least
reduce them.

1.8

Main single photon sources

In recent years, different physical systems have been studied in order to realize single
photon sources [12] [50].
A first category is represented by nonlinear processes, such as parametric down
conversion in bulk crystals [65] and waveguides [66], and four-wave mixing in optical
fiber [67]. In these techniques pairs of related photons are created according to
phase-matching condition ∆k = 0 and energy conservation: the detection of the first
photon announces the existence and the physical properties of the partner. These
are probabilistic processes and do not allow, in principle, an efficient on-demand
generation. Furthermore, it is necessary to operate at low laser powers in order to
have a negligible probability of generating more than one couple, further limiting
quantum efficiency. In order to be used as efficient sources in quantum optics
experiments, multiplexing schemes [68] [69] must be adopted to organize multiple
parametric sources in order to increase the probability of emission from a single pair,
keeping the probability of multiple emission negligible.
Cold atoms and ions can also be used. The level transitions of interest are
in particular those related to the hyperfine structure, well known and which clearly
provide a reproducible system. In the absence of Doppler effect and collisions with
the residual gas, these transitions are narrow and very stable under laser illumination.
Thanks to the absence of non-radiative channels, these systems also have a quantum
efficiency close to unity and an emission of single photons on demand. However the
main issues are isolation, manipulation and entrapment of single atoms, which require
an experimental apparatus that is difficult to scale to a large number of high emitters.
Another important category of single photon sources is represented by solid-state
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emitters, such as individual organic molecules, color centers and nanocrystals in
various morphologies, which have the main advantage of being scalable on chip and
integrated into devices.
Organic molecules were the first solid-state systems on which the photon antibunching phenomenon was observed [21]. These have the advantage of being
intrinsically identical objects and are also very simple to create, through rapid and
inexpensive chemical synthesis protocols. Their nanometric size also makes them
excellent candidates for scalability and integration on future devices. By working at
low temperatures, it is possible to achieve high efficiency values that can be further
improved if the emitter is implanted within crystalline matrices; in this way the
photophysical properties of the molecule are preserved. Otherwise interaction with
the surrounding environment causes bleaching, blinking and low photostability [70]
[71].
Color centers are crystallographic defects in inorganic crystalline semiconductor structures due to substitutional or interstitial impurities and vacancies. These
defects introduce energy levels within the energy gap between the valence band
and the conduction band allowing absorption and fluorescence mechanism initially
forbidden. The major example is diamond, within which it is possible to create different types of defects, such as nitrogen-vacancy centers (NV), silicon-vacancy centers
(SiV), and silicon carbide centers (SiC) [72]. These emitters are characterized by
high stability and show a stable single photons emission even at room temperatures,
however the emission is not very intense and is affected by spectral diffusion. Having
a high refractive index, the diamond also makes the extraction of fluorescence light
complicated; in order to increase the collection efficiency and reduce the background,
a possible strategy is to create nanocrystals [23].
Semiconductor quantum dots (QD) have been long studied as single-photon
sources.They are formed by a semiconductor material, with a certain energy band
gap and a size comparable to the De Broglie wavelength, within a second semiconductor with a larger band gap; this confines in the three dimensions of space
the charge carriers in a spatial region characterized, like for atoms, by discrete
energy levels. Quantum dots can be fabricated by molecular beam epitaxy (MBE),
in which self-assembly processes allow the formation of islands of nanoscopic size
[73] or through chemical synthesis, producing colloidal quantum dots [74]. In weak
excitation regime an exciton can be produced on demand in these systems and
radiative recombination of the electron-hole pair results in single-photon emission.
The small QD’s size makes them suitable for integration into micro-cavities such
as micro-pillars, disks or spheres to significantly increase the spontaneous emission
rate through the Purcell effect, or in photonic structures, such as Bragg mirrors,
to control the emission direction. A disadvantage of these nanostructures is the
presence of spectral diffusion and blinking phenomena [63].
Recently the interest in perovskites, originally studied for solar-cell applications [75],
has increased in this field. Perovskite nanocrystals are versatile emitters and
promising nano-objects for quantum applications [76], showing single photon emission
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at low [?] and room [29] temperatures. They present several advantages with respect
to competitors: in addition to being used at room temperature - differently from
epitaxial quantum dots - they are easily synthesized by low-cost, well mastered wet
chemistry techniques, differently from single defects in nanodiamonds and epitaxial
quantum dots which require heavy fabrication facilities. Moreover, their emission’s
wavelength can be tuned playing on their size and composition. Thus, by choosing
an appropriate perovskite composition, they can emit in near-infrared, differently
from II-VI colloidal quantum dots.
Optical stability is the main limitation in their use and to reduce this problem
different solutions have been attempted: polymer encapsulation [77] [78], alumina
encapsulation using atomic layer deposition [79] [80] or surface passivation [81].
In these thesis high stability samples of perovskite nanocrystals will be presented,
showing at the same time reduced blinking and strong antibunching of the emission.
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Chapter 2

CsPbX3 perovskites
In recent years metal halide perovskites have been the subject of numerous studies
motivated by rapid advances of their performance in solar cells, whose efficiency has
increased from 3 − 4% to 20% in ten years [29]. Despite this has greatly contributed
to put perovskites into research spotlight, inorganic lead halide perovskites have been
known since the end of the 19th century [82] - although their semiconductor nature
was reported only in 1950s [83] - while hybrid organic-inorganic lead halide perovskites
have been known since the late 1970s [84]. Very recently, a further explosion of
interest has been observed, motivated by some advantageous optical and electrical
properties of this versatile material which could offer unique opportunities for a
new generation of optoelectronic devices, including light-emitting diodes (LEDs)
[85] [86] and laser [87] [88]. In addition, the synthesis of nanostructured forms
of perovskites allows the effects of quantum confinement to be used to provide
quantum light sources at room temperature. In this chapter I will illustrate the
chemical composition and the main crystalline structures of perovskites, giving more
emphasis to cesium lead halide perovskites and focusing on the optical and electronic
characteristics that make this type of perovskite interesting materials. Finally, I
will list the main synthesis methods, the main issues and the key challenge to their
further development.

2.1

Chemical composition and structural landscapes

The term perovskite is associated with compounds having the same crystalline
structure as calcium titanate (CaT iO3 ). The general structural formula is ABX3
where A is a organic or inorganic cation, B is a metal and X is a halide. The ideal
crystal structure consists, as showed in figure 2.1, in a 3D anionic network of corners
sharing [BX6 ]4− octhaedra with a 12-fold coordinated A cation occupying the site in
the middle of the cube surrounded by 8 octahedra. It is possible to give an equivalent
description in terms of elementary cell: the A and B ions are arranged according to
a cubic centered-body structure, with the A ions at the vertices and the B ions in
the center, while the X ions are arranged in the center of each cube’s face.
Materials with perovskite-type crystal structure are known for their complex
structural landscapes with a large number of possible polymorphs. Indeed, perovskites undergo structural changes upon application of external stimuli, such as
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Figure 2.1. Crystal structure of 3D perovskites with general structural formula ABX3 .
Figure taken from reference [89].

temperature, pressure or applied electric field [90]. The ideal cube structure responds to such stimuli by forcing the BX6 octhaedral network to tilt lowering the
symmetry of the structure [91] [92], as shown in figure 2.2. These deviations from
cubic symmetry depend on the characteristics of each compound.
Three 3D polymorphs are generally observed [93]: cubic, tetragonal and orthorhombic, in order of decreasing symmetry. In particular, many studies have been
carried out on the transition from orthorhombic to tetragonal to cubic perovskite
structures as a function of temperature. For example, in the case of CsP bBr3 , the
passage from the cubic to the tetragonal phase was revealed at 403 K, while the
passage from the tetragonal to the orthorhombic phase at 361 K [94]. In general,
perovskite have different optical properties depending on the crystalline phase in
which they are found.

Figure 2.2. 3D perovskite structures in order of decreasing symmetry: a) cubic phase, b)
tetragonal phase, c) orthorhombic phase. Figure taken from reference [95].

There are some criteria to empirically predict the stability and the lattice
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distortion of perovskite’s compounds. Firstly, Goldschmidt’s tolerance factor is used:
t=

rA + rX
1
2

(2.1)

2 (rB + rX )
in which rA , rB and rX are the radii of A, B and X ions respectively. As we can
see in figure 2.3, a t value between 0.8 and 1 is a favorable condition to obtain a
perovskite structure; in particular for 0.9 < t < 1 a cubic structure is obtained
and for 0.8 < t < 0.9 a distorted one [89]. Larger or smaller values usually do not
allow formation of perovskite structures. Moreover, perovskites at the limit of the
tolerance factor requirement (t ≈ 0.8 or t ≈ 1) are metastable at room temperature.

Figure 2.3. Tolerance factor for different A cations. Figure taken from reference [89].

However, the definition of an ionic radius is challenging in same cases, such as for
organic A cations, where hydrogen-bonding interactions cause varying bond lengths.
To solve this problem was proposed [96] a rigid sphere model applicable to organic
cations to obtain an effective ionic radius rA,ef f :
rA,ef f = rmass + rion

(2.2)

where, assuming free rotational freedom around the center of mass, rmass is the
distance between the molecule’s centre of mass and the atom with the longest
distance to the centre of mass, instead rion is the ionic radius of this atom.
An additional criteria for the possibility to form perovskites is the octahedral factor
given by the ratio of the ionic radius of B and X atoms:
µ=

rB
rX

(2.3)

Even though the system has a very favorable tolerance factor, a value of µ lower than
0.442 do not allow the formation of a stable perovskite structure [97]. Anyway, both
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tolerance factor t and octahedral factor µ are necessary but not sufficient conditions
for ABX3 halide perovskite formation.
By keeping the same chemical structure (ABX3 ) but starting from different elements, numerous compounds with different optical properties can be made. The
choice of the different elements, the most common of which are listed below, therefore
depends on the type of application.
• A site
Depending on the nature of A cation, perovskites are classified as hybrid or
inorganic. In hybrid perovskites A is an organic cation, such as formamido+
nium (HC(N H2 )+
2 , FA) or methyllamonium (CH3 N H3 , MA); in inorganic
perovskites the A cation is inorganic, such as potassium (K), rubidium (Rb)
and cesium (Cs). The A cation does not directly contribute to the electronic
properties due to negligible overlap of electron orbitals between the organic
component and inorganic BX6 octahedra [93]. However, the size of A cations
can affect the degree of distortion changing indirectly the electronic properties.
In general, as shown in figure 2.3, the choice of a suitably small monovalent
cation (Cs, MA, FA) makes favorable the 3D simmetry; in particular, cesium
is the inorganic cation most employed.
• B site
The B metal cation sites are occupied by a metal of the group 14 of the
periodic table in a divalent oxidation state, such as lead P b2+ , tin Sn2+ and
germanium Ge2+ . Lead has been the most widely employed due its superior
performance and stability compared to tin and germanium. In particular,
tin-based compounds are more sensitive to temperature and humidity and
germanium-based ones have been less studied due to germanium’s instable
nature in 2+ oxidation state [93].
• X site
The halide anion has been the most varied component in perovskites; iodine
(I), chlorine (Cl) and bromine (Br) are commonly used. Iodide has provided
the foundation for hybrid perovskites, but its substitutes are of great interest
because its ease of oxidation undermines the perovkites stability. Bromine has
been the most effectively used for its better stability under ambient operating
conditions.[98] [99].
In this thesis I will focus on perovskites in which the A cation is cesium and the
B cation is lead, in particular on CsP bBr3 .

2.2 Electronic and optical properties

2.2
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Electronic and optical properties

All CsP bX3 (X = Cl, Br, I) compounds have similar electronic properties and all
are characterized by a direct band gap1 at R point of the band structure, as shown
in figure 2.4 (panel a) for CsP bBr3 . The electric structure of CsP bX3 , including
scalar relativistic and spin-orbit interactions, has been studied in numerous works
[100] [101] in which the band structure is described in the framework of the density
functional theory. These works agreed that the maximum of the valence band is
formed predominately by the hybridized halide (X) p-orbitals and the minimum of
the conduction band is formed by the overlap of the Pb p-orbitals [102]. This is
visible in Figure 2.4b, showing the density of states of the cubic phase of CsP bBr3
with the corresponding contributions of the different elements to the energy band.

Figure 2.4. a) Band structure of cubic CsPbBr3 perovskite. The electronic bandgap is
indicated in the band structure at the R point. Figure taken from reference [103] b)
Density of states (DOS) of cubic CsP bBr3 with corrisponding contributions of elements
to energy gap. Figure taken from reference [104]

The bandgap of CsP bX3 perovskites varies according to the halide employed. In
fact, since the maximum of valence band contains some X p-orbitals and the energy
levels of the p-states of the X ions increases from Cl to I, the maximum of valence
band up-shifts and the band gap becomes smaller from Cl to I [102], as shown in
table 2.1.
Table 2.1. Energy gap at room temperature (300K) for different CsP bX3 compounds.

Compounds
CsP bCl3
CsP bBr3
CsP bI3
1

Energy gap

Reference

2.85 eV
2.23 eV
1.73 eV

[105]
[105]
[106]

The band gap is defined as the difference between the maximum of the valence band (VBM),
that is the highest energy electronic band occupied at T = 0K, and the minimum of the conduction
band (CBM), that is the lowest energy unoccupied electronic band at T = 0K.
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The great interest in CsP bX3 perovskites arises from the fact that optical
absorbition and emission spectra can be tuned over the entire visible spectral region
by simply adjusting the halide composition or by varying the nanocristal’s size.
Their photoluminescence is characterized by high quantum yields of 50 − 90% and
narrow linewidths2 of 12 − 45 nm. For example, CsP bCl3 shows 12 nm width in
the blue limit of the visible range, CsP bBr3 shows 20 nm width in green region and
CsP bI3 shows 40 to 45 nm width in red region [30].

colors.png

Figure 2.5. CsP bX3 perovskites (X = Cl, Br, I) exhibit tunable bandgap energies covering
the entire visible spectral region with narrow and bright emission: (a) colloidal solutions
in toluene under UV lamp; (b) representative PL spectra; (c) typical optical absorption
and PL spectra. Figures taken from reference [107].

For their high quantum efficiency and their narrow emission linewidths, CsP bX3
perovskites are particularly interesting for light emission applications. Indeed, compared to conventional rare-earth phosphors or organic polymers and dye, CsP bX3
perovskites offer blue, green, and red primary colors with an impressive gamut. As
2

The linewidth is measured as the full width at half maximum (FWHM).
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shown in figure 2.6, a selected triangle of red, green, and blue emitting CsP bX3
nanocrystals encompasses 140% of the North American National Television Standard
Committee (NTSC) specification, extending mainly into red and green regions and
even up to 100% of the newer International Telecommunication Union Rec. 2020
standard.
To investigate the size-dependent fluorescent colors of CsP bX3 perovskites, several
attempts to reduce the size of bulk perovskites to the sub-micron scale have been
performed[108][109], until the synthesis of nanocrystals whose sizes are close to the
exciton Bohr radius, corresponding to 5nm, 7nm and 12nm for CsP bCl3 , CsP bBr3
and CsP bI3 respectively[107]. This constraint of dimensionality significantly change
their electronic energy spectrum, resulting in a transition from continuous to discrete
energy levels and thus reaching the quantum-confined regime[110]. This achievement
allowed to explore their quantum properties [111], demonstrating an antibunching
behavior of their photoluminescence emission [29]. As I will describe in chapter 3,
this observation is explained by the presence of a fast Auger recombination, that is
an efficient non-radiative recombination pathway strictly connected to the strong
quantum confinement. It consists in an energy transfer from an e-h pair to a third
particle (electron, hole or exciton) because of the Coulomb interaction and, in our
case, provides an efficient channel for non-radiative dissipation of multi-excitons to
prevent simultaneous emission of multiple photons.

Figure 2.6. PL spectra of CsP bX3 nanocrystals plotted on CIE chromaticity coordinates.
A CIE chromaticity diagram, introduced by the Commision Internationale de l’Eclairage,
allows the comparison of the quality of colors by mapping colors visible to the human eye
in terms of hue and saturation. In this diagram the chromaticity coordinates of CsP bX3
(black points) are compared with common color standards (white lines), reaching 140%
of the NTSC color standard (solid black line). Figure taken from reference [107].
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CsBrX3 perovskites as single photon emitter: the
state of the art

The spectroscopic investigation of the optical properties of perovskite nanocrystals at
the single emitter level has been at first hampered by their poor stability under laser
excitation, as explained in section 2.4, leading to an initial lack of understanding of
their interesting properties in the high confinement regime[112].
Quantum confinement effect has been observed in organic-inorganic methylammonium lead halide perovskite quantum dots[113] and nanoplatelets[114] [115]. However,
the unsolved photostability of organic-inorganic lead halide perovskites has made
their use considerably difficult[116]. All-inorganic CsP bBr3 perovskites have thus
been regarded as potential substitutes of the hybrid organic-inorganic ones, showing
at the same time a better operational stability to moisture and illumination[81],
quantum confinement effect[107] and a faster non-radiative Auger recombination
than in organic-inorganic perovskites, resulting in a key decay channel[117].
Moving in this direction, in 2015 single photon emission has been observed
from CsP bX3 nanocrystals at low temperature (T = 6K)[?], measuring a secondorder auto-correlation function of g 2 (0) = 0.3, and at room temperature with a
g 2 (0) = 0.06[29]. In particular, the latter result has demonstrated that this kind of
perovskites can serve as room-temperature sources of single photons. The difference between the g 2 values obtained at low and room temperature was explained
as a possible change of the efficiency in quenching multi-exciton states via Auger
recombination[118]. Unlike the numerous subsequent reports on cubic-shaped perovskite nanocrystals[110][119][103][120],the investigation of the quantum properties
of nanocrystals with anisotropic shapes has received less attention and most of
the studies has been rather focused on their fabrication methods[121]. Nevertheless, quantum confinement has been observed also for CsP bBr3 nanowires[122]
and nanoplatelets[123][124]. Very recently single photon emission has been demonstrated for CsP bBr3 nanoplatelets at a temperature of 5K, reporting a value of
g 2 (0) = 0.1[125].
Further investigations in the quantum optics properties will be possible with an
improvement in the synthesis methods and the stability of lead halide nanocrystals,
whose main issues are detailed in the next chapter.

2.4

Synthesis, main issues and surface passivation approaches

In recent years there has been a rapid development of the fabrication method of
CsBrX3 perovskites. Many interesting approaches have been developed to obtain
nanocrystals with various morphologies, from nanocubes to nanoplates [111] [121]
[126]. The approaches could be divided into two categories: direct synthesis methods,
including hot-injection[107], room-temperature reprecipitation[127], microwave[128],
ultrasonication[129] and salvothermal[130] methods and post-synthesis methods, such
as template-assisted synthesis[131]and ion exchange[132]. For the purpose of this
thesis, I will focus on the hot-injection method, illustrating the main steps.
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Figure 2.7 shows the scheme of the hot-injection strategy used in the first successful synthesis of high-quality CsP X3 colloidal nanocrystals in 2015 [107]. Firstly, a
P bX2 precursor is dissolved in a three-neck flask cointaining octadecene, oleylamine
(OAm) and oleic acid (OA); OA and OAm help to solubilize P bX2 and stabilize the
nanocrystals as surfactant. Then, a cesium oleate is injected in the flask at high
temperature, varying from 140◦ to 200◦ C. After waiting several seconds, the solution
is cooled down to room temperature in an ice-bath. This general approach can be
modified to synthesize nanocrystals with different sizes, shapes and compositions[133].
In spite of the interesting optical properties of CsP bX3 perovskites, their practical

Figure 2.7. Schematic of hot injection synthesis for CsP bX3 QDs. Figure taken from
www.ossila.com/blogs/news/perovskite-quantum-dot-synthesis.

use is limited by different forms of instability that need to be overcome as they lead
to a rapid loss of performance. In fact, although these materials are not susceptible
to oxidation in the ground state, the long term stability may be limited in presence
of a combination of moisture, oxygen and light.
Regarding oxygen induced degradation, it has been highlighted the importance
of defects[134], in particular in the case of iodide vacancies3 in CsP bI3 , for photodecomposition in presence of oxygen. The vacancies have a similar volume to
molecular oxygen, offering an easy path for oxygen in the perovskite lattice. Highly
reactive super-oxide O2− anions are formed as molecular oxygen accepts photo-excited
electrons from the perovskite conduction band. These super-oxide anions can then
deprotonate the A site cation, resulting firstly in decomposition to lead iodide and
A-gas [95].
Whereas oxygen only decomposes the nanocrystals under light exposure, the
exposure to moisture causes rapid decomposition even in the dark. Water molecules
can easily penetrate the perovskite structure, forming strong hydrogen bonds with
organic cations and weakening those between these cations and the P bX6 network.
This makes easier to degrade perovskite for external factors such as heat or the
electric field [135].
For commercialization, moisture resistance and photo-stability should be guaranteed. Until now, surface passivation methods have proven to be quite useful for
3

Iodide vacancy densities are intrinsically high and can be generated rapidly upon photoexcitation.

24

2. CsPbX3 perovskites

improving stability, mainly through modification of the surface by organic ligands
and encapsulation in waterproof materials. In particular, when the nanocrystals
are colloidal and dispersed in solution - as in the case studied in this thesis - the
nature of the surface ligands and the nanocrystal-ligand bond are important factors
which can determine photo-stability [133]. After the first succesful synthesis of
CsP bX3 nanocrystals, the OA and OAm become the most used capping ligands
even if the obtained stability under dilution is not excellent. Replace OA and OAm
with alternative ligands to enhance CsP bX3 perovskites properties is then a key
challenge for future development and pratical use of this materials.
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Chapter 3

Experimental setup and
methods
Optical spectroscopy at the single emitter level is a powerful tool to study the
photo-physics of nanoemitters. Indeed, observing a single emitter removes the usual
ensemble average, revealing phenomena hidden in ensemble measurements, as the
fluorescence intermittency [61] . During the last thirty years various experimental
methods [136] have been developed to detect single emitters fluorescence, such as
near-field scanning optical microscopy (SNOM), wide-field microscopy and confocal
microscopy. In this chapter, I will present the microscopy setup to perform photoluminescence, antibunching and polarization measurements. Then I will illustrate the
different experimental methods employed: I will introduce a model to deduce the
emitter excitation from saturation curve measurements and I will explain how we
registered and processed the data. Finally I will describe the CsP bBr3 synthesis
and sample preparation.

3.1

Standard fluorescence microscopy techniques

In our setup both wide-field and confocal excitation schemes are used: in the widefield scheme the sample is excited by a non-collimated light-emitting diode (LED)
and a broad area of the sample, with many emitters, is illuminated; in the confocal
scheme a pulsed laser is used to excite one specific emitter of the sample. In both
cases, the samples are prepared by spin coating on a glass microscope coverslip a
diluted solution of nanocrystals of appropriate concentration, as I will illustrate in
section 3.6. The coverslip is then mounted on a motorized stage (MadCityLabs)
fixed on an inverted microscope (Nikon Eclipse Ti). This stage allows a xy plane
displacement such that the whole sample can be investigated and it is characterized
by an excellent stability.
As showed in the complete experimental setup in figure 3.1, for both microscope
configuration the excitation light - respectively at 405nm for the laser and at 400nm
for the LED - is reflected towards the sample by means of a dichroic mirror1 placed
at an incident angle of 45◦ to the incoming light.
1
A dichroic mirror is an interference filter highly reflective below the cut-off wavelength and
highly transmissive for larger wavelengths.
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Figure 3.1. Experimental setup used for the optical and quantum characterization of the
perovskites nanocrystals.

3.1 Standard fluorescence microscopy techniques
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Then, an objective lens is used to both focus the excitation light on the sample
and back-collect the nanoemitter’s fluorescence. This objective lens is a crucial
element of the microscope system, determining light transmission, image contrast
and resolution. To obtain a high (diffraction-limited) spatial resolution, it is useful
to use an oil immersion objective, in which a small drop of oil is deposited between
the front lens of the objective and the glass coverslip, instead of having an air gap.
Oil has a refraction index of 1.515, closer to the refractive index of the glass coverslip
n = 1.523 than air. This increases the maximum angle of the cone of light that
can enter the front lens of the objective, which is a characteristic described by
the objective’s numerical aperture (NA). The higher the numerical aperture of an
objective, the broader its angular collection.
In our measurements we used an oil objective with NA= 1.4, a magnification of
100x and a collection efficiency of C = 78% for standard fluorescence and antibunching measurements, instead an objectives with NA= 0.95, a magnification of 100x
and a collection efficiency of C = 17% for polarization measurements. This choice is
due to the fact that a larger numerical aperture allows to collect light over a larger
solid angle and thus it modifies the collected polarization pattern and measured
degree of polarization[137] [138].
The light collected by the objective from the sample is then sent towards the
detection apparatus after being suitably filtered, as showed in figure 3.1 and explained below.

Wide-field microscopy
The wide-field scheme, whose operating principle is illustrated in figure 3.2, has
only been used to image samples on a CCD camera for an overview of the sample,
giving us the possibility of exploring it and then systematically selecting a single
emitter to be characterized. In this scheme a large area of the sample is excited by a
non-collimated light beam from the LED at 400 nm (CooLED pE−100 LightSource).
This LED provides a full irradiance of 25W with a precise irradiance control in 1%
steps (from 0% to 100% of the full irradiance). For the ensemble measurements we
set an irradiance value of 2.5W .
The LED beam is reflected by the dichroic mirror with a cut off at 432 nm
(Edmund), then the objective lens focuses it on the sample. The ensemble fluorescence
is back-collected by the objective lens and spectrally isolated from the residual LED
excitation using the same dichroic mirror mentioned above and a long-pass filter
with a cut on of 450 nm (THORLABS). The fluorescence is then imaged on a high
quantum-efficiency CCD camera (HAMAMATSU ORCA Flash 4.0 LT).
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Figure 3.2. Wide-field configuration, where a large area of the sample is excited by a LED
and observed on a CCD camera.

Confocal microscopy
Confocal microscopy gives the possibility of exciting a single nanocrystal at a
time. In our case the emitters are arbitrarily distributed with a mean separation
distance of 10µm, thus this microscopy scheme is fundamental for isolating and
detecting single emitters without simultaneously exciting several emitters and collecting the light emitted from adjacent ones. The operating principle of a confocal
fluorescence microscopy is illustrated in figure 3.3.
We use a picosecond pulsed diode laser (LD405-B, PicoQuant), emitting at 405
nm with a repetition rate adjustable between 2.5 MHz and 5 MHz and a pulse width
of less than 50 ps. The laser beam is coupled to a single mode fiber in order to clean
the beam shape, then it is reflected by the dichroic mirror with a cut off at 405 nm
(SEMROCK) and it is sent to the sample through the objective lens.
In order to study the fluorescence from different single nanocrystals over a large
area on the substrate, the sample is scanned using the motorized stage previously
mentioned. The stage allows displacements with an accuracy of less than 1 µm, a
repeatibility of less than 100 nm, a step resolution of 95 nm and a maximum speed
of 2 mm/s. The stage is positioned such that the single nanocrystal is at the center
of the laser spot. The nanocrystal fluorescence is back-collected and collimated
by the objective lens and then spectrally filtered with the dichroic mirror and a
long-pass filter with a cut on of 405 nm (SEMROCK) in order to remove residual
laser excitation.
The collected light can be imaged on the high quantum efficiency CCD camera
or collimated by a lens and sent to a spectrometer (Princeton Instrument-Spectra
Pro) equipped with a similar high quantum efficiency CCD camera. Alternatively,
using a flip mirror, the collected light can be sent to the polarization measurement
set-up described in section 3.2 or, using a second flip mirror, it can be sent to a
pair of avalanche photodiodes (APDs, Excelitas) in a Hanbury Brown-Twiss (HBT)
configuration. In this case a 50 : 50 beam splitter divides the photoluminescence
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in two arms and the photoluminescence is focused by means of two lenses on the
respective detectors, as shown in figure 3.1. The last part of the setup concerning
the acquisition process will be detailed in section 3.4.

Figure 3.3. Operating principle of a confocal configuration.

3.2

Polarization microscopy

To determine the degree of polarization of the light emitted by the nanocrystals we
measure the Stokes polarization parameters that describe the polarization behavior
of an optical beam. These parameter are a set of four real numbers (S0 , S1 , S2 , S3 )
defined starting from the complex Ex and Ey components of the real vector that
describes the electric field:

Ex (z, t) = E0x cos(ωt − kz + δx )

(3.1)

Ey (z, t) = E0y cos(ωt − kz + δy )
where t is time, E0x and E0y are the maximum amplitudes of the optical field, ω is
the angular frequency, k the wave vector’s modulus, δx and δy the phase constants.
In a matrix form they are given by:


2 + E2 

E0x
0y



 E2 − E2 

1
0x
0y
S=
=

S2 

 
2E0x E0y cosδ 



 
 


 

S0 



S 


S3

(3.2)

2E0x E0y sinδ

where δ = δx − δy . From eq. 3.2 we see that they are described in terms of intensities
(amplitudes squared) and therefore can be measured by using standard photodiodes.
Stokes parameters have a relatively simple experimental interpretation:
• S0 describes the total intensity of the optical field;
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• S1 describes the preponderance of linearly horizontally polarized light over
linearly vertically polarized light;
• S2 describes the preponderance of linear +45 polarized light over linear −45
polarized light;
• S3 describes the preponderance of right circularly polarized light over left
circularly polarized light.
The degree of polarization is defined by
q

P =

S12 + S22 + S32

(3.3)

S0

Experimentally we determine the Stokes parameters starting from a simple setup
consisting of a quarter wave plate followed by a polarizer as described by Berry et al.
[139]. According to this method, the intensity of the optical beam on the detector is
given by:
1
I(θ) = (S0 + S1 cos2 2θ + S2 cos2θsin2θ + S3 sin2θ)
(3.4)
2
To extract the Stokes parameters from the measured intensity in order to obtain
the value of P , this equation can be rewritten by using the trigonometric half-angle
formula[140] to yield:
1
I(θ) = (A + B sin2θ + C cos4θ + D sin4θ)
2

(3.5)

where

S1
S1
S2
, B = S3 , C =
, D=
(3.6)
2
2
2
Fitting the experimental data with the function 3.6, we can extract the Stokes
parameters from the A, B, C, D values obtained from the fit:
A = S0 +

S0 = A − C,

S1 = 2C,

S2 = 2D,

S3 = B

(3.7)

Finally, we can calculate the degree of polarization through the equation 3.3.
Setup
The fluorescence beam is directed to the branch dedicated to polarization measurement, using a flip mirror placed before the HBT setup, as showed in the complete
setup in figure 3.1. According to Berry’s method, a quarter-wave plate on a motorized
rotation stage together with a polarizing beam splitter cube is used, as shown in
figure 3.4. The collimated fluorescence light passes through the quarter-wave plate
and it is separated in two arms by the polarizing beam splitter cube; each arm is
focused on a single photon counting avalanche photodiode. During measurements
the quarter-wave plate can be rotated from its initial position. The intensity of the
optical beam on the detector is given by the quantity in equation 3.4. We plot the
intensity detected by one photodiode normalized by the total intensity detected on
both photodiodes in order to account for fluctuations of the total emitted intensity
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Figure 3.4. Top view of the polarization set-up. One output port of the PBS is sent to the
detection while the other is used for normalize the intensity.

due to emitter’s blinking. For these measurements we used the objective with a
numerical aperture NA= 0.95 and not the oil immersion objective (NA = 1.4). In
fact, as explained in section 3.1, a larger numerical aperture allows to collect light
over a larger solid angle and it can modify the collected polarization pattern and
the measured degree of polarization. A typical output reported in literature[141] is
showed in Figure 3.5, respectively for a CsP bBr3 perovskite nanocube and nanowire.
The polarized emission from the nanowire is assigned to its very anisotropic shape,
instead the cubic crystalline structure of the nanocube determines an almost total
absence of polarization.

Figure 3.5. Typical polarization trend for perovskite nanocubes and nanowires, respectively.
Figure taken from reference [141].
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Photoluminescence as a function of the excitation
power

The nanocrystal’s photoluminescence strongly depends on the excitation power.
It is therefore necessary to evaluate how the emitters are excited by the laser
independently of the specific configuration of the setup, such as laser spot diameter.
One parameter that allows this analysis is the average number of electron-hole pairs
generated by the excitation inside the crystal hNeh i. As we have seen in section
1.4, laser pulses contain a random number of photons with a Poisson distribution.
The laser excitation can produce a certain number of electron-hole pairs Neh inside
the nanocrystal’s quasi-continuum of states 2 that follows a Poisson distribution
P (Neh , hNeh i) whose mean value hNeh i depends on the excitation power. Any of
this m-multiexciton state decays to the (m − 1) state through an electron-hole
recombination which can occur radiatively or non-radiatively with a probability to
emit a photon given by the quantum yield for the m-multiexciton state QYm . This
is defined as:
γR,m
QYm =
(3.8)
γR,m + γA,m + γN R,m
where γR is the radiative recombination rate, γA is the Auger recombination rate responsible for single photon emission as I will explain - and γN R describes other
non-radiative decay channels than Auger one.
A multi-photons quantum cascade process is then created[142] and it is repeated
until all the electron-hole pairs have recombined. As the number of electron-hole pairs
created inside the nanocrystal increases with the excitation intensity, the photon
statistics is modified because the probability to emit multiple photons increases[143].
Also the blinking, as explained in section 4.4, depends on the number of electron-hole
pairs inside the crystal. We understand then why it is important to evaluate Neh .
Below we present a theoretical model[144] with the aim of study the saturation
behavior in the case of a quantum cascade of multi-photons in order to control the
laser excitation and interpret the measurement.
According to this model, the mean number of photons emitted by a nanocrystal
after a given excitation pulse can be written as follow:

Nph =

∞
X
Neh =1

P (Neh , hNeh i)

N
eh
X

QYm

(3.9)

m=1

Whit a statystical scaling approach[145] [146], the higher orders multi-excitonic
quantum yields QYm in eq 3.9 can be written in terms of single exciton and biexciton QYs:
QYm =

QY2
m(1 − QY2 ) − QY1

(3.10)

2
Under a laser excitation at 405 nm - corresponding to an energy much higher than the CsP bBr3
bandgap - the electron energy levels can be considered as a quasi-continuum of states.
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where
γR,1
γA,1 + γN R,1 + γR,1
γR,2
QY2 =
γA,2 + γN R,2 + γR,2

QY1 =

and where γR,1−2 , γA,1−2 , γN R,1−2 are the radiative, Auger and non-radiative decay
rate for the exciton and biexciton state, respectively.
Let us now consider three different cases:
• All multi-excitonic Quantum Yields are suppressed by efficient Auger
recombination
In this case γA >> γR , thus QYm ≈ 0. and eq. 3.9 becomes:
Nph = QY1 (1 − e−Neh )

(3.11)

At high excitation e−Neh goes to zero and a saturation of Nph occurs.
• Multi-exciton states are not quenched by any non-radiative relaxation process
If multiexciton states are not quenched by any non-radiative relaxation process,
like Auger effect, the quantum yield is identical for any number m of excitons
(QYm = QY 0 ) and the photon emission statistics will follow the excitation
linearly:
Nph = QY 0 hNeh i
(3.12)
•

Multi-exciton emission are imperfectly quenched by Auger non
radiative recombination
In this case multi-exciton quantum yields are not negligible. For hNeh i up to
5, equation 3.9 can be approximated as:
Nph ' QY1 [(1 − e−hNeh i ) + c

QY2
hNeh i]
QY1

(3.13)

In fact, the multiexciton contribution in eq. 3.9, tha we can labeled with Nm ,
can be approximated by a linear function[147] depending only on the biexciton
quantum yields:
Nm ' cQY2 hNeh i
(3.14)
where the constant c is obtained through a fitting of different multiexciton
emission curves, finding a value c = 0.4. The biexciton quantum yield QY2 is
experimentally measurable through the second order autocorrelation function
g2 (0) at low excitation power[118]]:
lim

hNeh i→0

g2 (0) =

QY2
QY1

(3.15)
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Experimentally we can express equation hNeh i as a function of the exciting laser
power P. This quantity is indeed proportional to hNeh i:
hNeh i =

P
Psat

(3.16)

where the saturation power Psat is the power that corresponds to hNeh i = 1.
It is possible to rewrite the equation 3.13 in terms of photoluminescence signal IP L that is the rate of photon counts measured by the single photon detector when the
nanocrystal is excited by a laser pulse with a rate Γ - due to the fact that IP L is
just proportional to Nph . We obtain:


IP L = A 1 − e

− PP

sat



+B

P
Psat

(3.17)

where A and B depend on the intensity of single and biexciton components of the
emission. By fitting the measurable data with this formula, with A, B and Psat free
parameters, it is possible to extract the power saturation Psat in order to obtain a
reference to perform the emitter characterization.
We can see that the saturation of the photoluminescence as a function of the
excitation power is a useful signature of single photon emission. When all multiexcitonic QYs are suppressed by efficient Auger recombination, QYm ' 0 for m > 1, the
probability of emitting more than one photon for excitation pulse is negligible and a
perfect saturation curve is expected. When multi-exciton states are not quenched by
any non-radiative relaxation process the trend of Nph is linear with the excitation
power. In intermediate case of multiexciton QYs not negligible, the contribution
from the multiexcitonic emission modifies the shape of the saturation curve. The
three different trends are shown in figure 3.6.

Figure 3.6. Theoretical saturation curve. Red line: saturation curve of a nanocrystal
presenting perfect saturation, no multiexciton emission. Yellow line: saturation curve
of a nanocrystal without any multiexciton emission quenching processes. Blue line:
intermediate case.
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Saturation setup
As shown in the complete scheme of the set-up in figure 3.1, to vary the laser
power a motorized half-wave plate is used, followed by a beam splitter. The laser
beam that comes out of the beam splitter passes through a partially reflecting mirror
which allows to send a fraction of the beam on a photodiode. The transmitted beam
is used for the confocal microscopy.

3.4

Time-correlated single photon counting technique

In this section I will describe the single photons detection technique. We use a
time-correlated single photon counting (TCSPC) system to efficiently measure the
arrival times of fluorescence photons. In our case the electronic system consists of a
PicoHarp 300 acquisition card together with the PHR 800 4−channel detector router
form PicoQuant. The measurements carried out with this technique allow us to
derive several quantities of interest: the correlation function of the signal at short
time delays, the photoluminescence decay and the photoluminescence versus time.
Let’s start with the first quantity. By measuring the temporal correlation between the events given by the detection of a photon, this technique reconstructs
the second order autocorrelation function of the typical intensity of the emitter.
Once the first photon is detected, the APD generates a pulse which is sent to the
electronics, schematized in figure 3.7.

Figure 3.7. Scheme of TCSPC electronics.

The pulse is processed by a costant fraction discriminator (CFD) providing a
start signal. The start signal activates a Time to Amplitude Converter (TAC) circuit
which is a highly linear integrator generating a voltage ramp over time. The TAC
loads a capacitor until the pulse given by a second detection event sends a stop
signal to the ramp. The signal accumulated in the capacitor, proportional to the
time delay between the two detected photons, is digitized by means of an Analog to
Digital Converter (ADC) and sent to a multichannel analyzer (MCA). The MCA
constructs a histogram of the number of start-stop coincidences as a function of the
time interval between detection events. To build the instogram the entire range of
time values is divided into a series of intervals of a certain temporal width, called bin
time, and the number of events detected during a given bin time is counted. This
histogram reproduces, at small delays, the second-order autocorrelation function
of the intensity g 2 (τ ). If the autocorrelation function displays an antibunching
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behavior with a dip at zero delay, we know that we are studying a single emitter.
We can observe that to correlate each photon arrival time with the next one it is

Figure 3.8. Data acquisition mode for antibunching measurement.

fundamental to use the Hanbury-Brown Twiss configuration and, conversely, it is
not possible to evaluate the photon statistics p(n) of a quantum state of light with
only one detector. In fact, a real detector always has a dead time which does not
allow to measure two events if they arrive with a minimum delay. In our case, the
APD is blind until the avalanche of electrons produced by a single detection event is
quenched and the breakdown potential is recovered. Consequently, if two photons
arrive within the detector dead time (typically between 25 and 50 ns) only one pulse
can be detected. This limitation is therefore overcome by splitting the photon beam
into two arms in the HBT scheme and using two independent detectors, so that the
photons arrival time can be correlated between two detectors.
Now let’s see how to get the photoluminescence decay and the photoluminescence
trace using the TCSPC technique. The TCSPC working scheme remains the same
as in figure 3.7 but in this case a synchronization signal (SYNC) is set on the laser,
used as a reference, and not on the second APD. In this way, as we can see in figure
3.8, the excitation laser triggers a timer, which is stopped with the detection of
a fluorescence photon; this time delay between the excitation of the nanocrystal
and the emission of a photon is called microtime t. Moreover, for each pulse the
absolute arrival time with respect to the beginning of the experiment is registered;
this is called macrotime T. The microtime t and the macrotime T are labeled to
each registered pulse together with the information of which channel (APD) the
signal is coming from.
We obtain the photoluminescence decay by building a histogram of the microtime,
with a bin width being a multiple of the resolution. We use a bin time of 512 ps.
The photoluminescence trace is obtained by building a histogram of the macrotime,
counting the number of photons detected during a given bin time. This bin time
should be short enough to be able to observe fast intensity fluctuations, but at the
same time long enough to appreciate something other than noise. A typical bin time
value is 50 ms.

3.5 Noise sources and noise cleaning on g 2 (τ ) measurements
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Figure 3.9. Data acquisition mode for photoluminescence decay and trace.

3.5

Noise sources and noise cleaning on g 2 (τ ) measurements

We have to consider different sources of noise in our set-up, such as light coming
from the room, reflected excitation light and dark counts of the APDs. Light coming
from the room can be almost totally removed if measurements are made in a dark
room and if the whole detection part of the setup is covered; reflected excitation light
can be removed if a spectral filter is used. The dark counts of the APDs correspond,
instead, to the intrinsic noise of the detector: the avalanche process can be triggered
by thermally-generated carriers within the semiconductor, thus output pulses can be
created even if the APD is in complete darkness. The APDs we used have typical
dark noise less of 250 counts/s. The noise level on the APDs is controlled before
starting measurements.
Background noise affects the g 2 value we get from TCSPC measurements. It
is therefore necessary to take into consideration the presence of the background
counts in order to clean the g 2 histogram from them. The method we used to
correctly perform the g 2 (τ ) measurement is explained in Annex A.

3.6

Synthesis and deposition methods

The CsP bBr3 perovskite nanocubes studied in this thesis were synthesized in collaboration with the Institute de Nanoscience de Paris (INSP) with a method used
for the first time for produced quantum emitters.
The commonly used Protesescu’s synthesis procedure illustrated in section 2.4
leads to highly luminescent perovskite-based nanocrystals with bright, spectrally
narrow and broadly tunable photoluminescence, particularly appealing for optoelectronic applications such as lasing, photon detection, light-emitting diodes and
photovoltaic. However, the nanocrystals obtained with this synthesis procedure
cannot be used for single emitter applications in which we are instead interested.
Confinement is required to obtain single photon emission properties from a two
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level system-like emitter, instead the Pretesescu’s method allow to grow bulk like
CsP bBr3 cubes without confinement. In fact, according to TEM images in figure
3.10, all dimensions are above the Bohr radius (corresponding to 7 nm for CsPbBr3)
and this is made even more clear by the histogram of sizes in the same figure. As
a result, the absorption spectrum is poorly structured and the photoluminescence
matches the bulk one (515 nm or 2.41 eV).

Figure 3.10. a) Absorption and photoluminescence spectra of the material obtained from
the Protecescu’s method b) Size histogram determined from TEM image for the CsPbBr3
cube obtained from Protecescu’s method c), d) Respectively TEM and high resolution
TEM of CsPbBr3 cube obtained from the Protecescu’s method

In addition to confinement, the nanostructure at which we are interested needs to
be sufficiently colloidally stable to avoid aggregation and to allow dilution. The
possibility of diluting the colloidal solution without losing stability has indeed great
importance, allowing us to isolate the single emitter in order to characterize it or to
couple it to photonic devices. The cubes obtained from Protesescu’s method present
instead a limited colloidal stability under dilute conditions due to the fact that the
alkyl ammonium ligands have strong binding dynamics[148] to the nanocrystals
surface.
An alternative solution may be the use of nanoplatelets, which are an other confined
form of perovskite material but with the disadvantage that their large lateral extension also leads to a poor colloidal stability. This is why we chose to target small
confined nanocubes: this shape combines quantum confinement together with a
reasonable colloidal stability. For the growth of CsP bBr3 cube nanocrystals studied
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in this thesis, we use a synthesis procedure initially developed for the growth of
CsP bBr3 nanosheet[149], in which the nanocubes are a side product of the synthesis.
Compared to the usual Protesescu’s procedure, there are three major changes,
as described in the recipe in annex B:
1. less cesium oleate is injected in the three-neck flask to favor the growth of a
cesium free phase;
2. two additional ligands - octanoic acid and octyl amine - with saturated alkyl
chains are introduced to favor the crystallization of the cesium free phase;
3. the reaction time is extended from several seconds to several minutes to favor
the reaction step.
The main product of this synthesis is CsP bBr3 nanoplatelets (NPL) with an
absorption peak at 430 nm as shown in figure 3.11. Moreover, there are two additional
products: Cs-free Ruddelsden-Popper perovskites and CsP bBr3 nanocubes. The
first ones are formed by a plane of lead bromide sandwiched between two planes
of ligands with C8 chains and present a clear peak at 398 nm in the absorption
spectrum. We are instead interested in the nanocubes, responsible for the small
absorption edge from 450 nm to 500 nm shown in the absorption curve3 in the inset
of figure 3.11.

Figure 3.11. a) Absorption spectrum of the products obtained from the synthesis.The
inset shows the portion of the spectrum corresponding to nanocubes contribution. b)
Transmission electron microscopy image of CsPbBr3 nanocubes responsible for the
photoluminescence.

TEM images in figure 3.12 reveals that the lateral extension of the two populations
is very different. These particles, being far smaller than the NPLs, can be easily
sorted thanks to selective precipitation.
Figure 3.13 shows the structural characterization of the confined cubes. The
photoluminescence is blue-shifted compared to the bulk like cube of the Protesescu’s
3
We can see the signature of these confined cubes as a small change in the slope of the absorption
curve.
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Figure 3.12. a)TEM of the large NPLs presenting absorption below 450 nm and obtained
from selective precipitation of the synthesis given in Liu et al. b) Absorption and photoluminescence spectra of the material obtained from the method given in Liu et al.c) TEM
of the small confined cube presenting photoluminescence above 450 nm and obtained
from selective precipitation of the synthesis given in Liu et al.

method depicted in figure 3.10, with a maximum at 506 nm (2.45 eV). TEM images
in the same figure clearly show anisotropic particles whose shape corresponds to
NPL with a small aspect ratio (around 3 − 4). Some confined particles lie on the
edge while others lie on their main facet: this allows to extract the mean particle
thickness (3.6 nm) and lateral extension (11.3 nm), as reported in the histogram in
the same figure.
Moreover, the method of fabrication presented allows to obtain higher stability
samples which can be excited under optical excitation for more than one hour , as I
will illustrate in the next chapter.
To characterize and study the nanocrystals it is necessary to deposit the colloidal solution on a substrate with a concentration that depends on the type of measurement
to be made. To investigate the role of the dilution on the stability, for example, it
has been necessary to carry out a dilution using toluene as solvent, starting from the
most concentrated colloidal solution (typically with a molar concentration between
1µM − 2µM , up to a dilution of 1 : 50.
For each concentration, the samples are prepared with the spin-coating method:
10µl of the colloidal solution are deposited on a microscope coverslip (BK7, 180m
thick) with a pipette. The coverslip is fixed to a plate by an aspirator and, by
spinning the plate, the solution is spread uniformly across the whole surface of the
substrate, due to centrifugal force. Moreover, uniform evaporation of the solvent
occurs because of rapid rotation. The result is that high volatile component are
removed from the coversplip because of the evaporation and the nanocrystals remain
on its surface. Although this method makes the colloidal solution more stable, we
also investigate the role of the dilution on the stability.
We can consider that the sample is of good quality if:
• the nanoparticles are distant a couple of microns enough from each other;
• the sample is mostly made of single nanocrystals and not clusters of nanocystals.
Indeed the nanocrystals have to be at least a couple of microns apart in order to
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Figure 3.13. a) Photoluminescence spectra for confined cubes used in this work and for
the bulk like CsPbBr3 cubes from the Protesescu’s method. b) The size histogram for
our cubes shows two peaks which are fitted by two gaussians leading to a mean thickness
of 3.6 nm and a mean lateral extension of 11.3 nm. c) and d) are TEM images of the
confined cubes.

be sure to excite only one at a time by the laser spot. In our case we have an
average distance of 10µm between the nanoparticles in the concentrated sample and
this value clearly increases in samples where dilutions have been made. Moreover,
having at least 50% of the nanoparticles that are single nanocrystals and not clusters
is a good situation in order not to lose time searching for single particles during
measurements. In our concentrated samples we have 70% of single nanocrystals (not
clusters) and 85% of these have a single photon emission, as demonstrated in section
4.6.
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Chapter 4

Experimental study of CsP bBr3
nanocrystals
In this chapter I will present the results obtained from the characterization of the optical properties of CsP bBr3 nanocrystals, from the study of the effect of dilution on
their photostability and from the analysis of blinking and their single photon emission.

4.1

Emission spectra

intensity (A.U.)

A typical emission spectrum of our CsP bBr3 nanocrystals is shown in Figure 4.1. It
is characterized by a central wavelength of 500 nm and a full width at half maximum
(FWHM) of about 15 nm.

600
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450 500 550
wavelength (nm)

Figure 4.1. Tipical emission spectrum of the CsP bBr3 nanocrystals.

We carried out a systematic study of the spectra of 24 emitters, obtaining the
distribution of the emitted wavelengths and the corresponding FWHM distribution
shown in figures 4.2 and 4.3 respectively. In these distributions two peaks with
central emission wavelength at 485 nm and 510 nm respectively are visible. The
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Figure 4.2. Central wavelength distribution of the emission for a sample of 24 emitters.
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Figure 4.3. FWHM distribution of the emission for a sample of 24 emitters.

mean FWHM of the emitted light is about 14 nm for the first peak and 15 nm for the
second one. In literature a mean FWHM of 20 nm for the bulk perovskite emission
wavelength, without quantum confinement, at about 520 nm is reported [30]. In
comparison with this data, we attribute the emission with a mean FWHM of 14 nm
to small size nanocubes with slight quantum confinement and the emission with a
mean FWHM of 15 nm to large size nanocubes for which the confinement is mostly
absent. In section 4.6 I will show that these small size nanocubes exhibit strongly
antibunched emission, demonstrating the crucial role of the charge confinement on
their quantum properties.

4.2 Saturation measurement

4.2
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Saturation measurement

For each of the 24 emitters studied, we measured the emitted intensity as a function
of the excitation power, subtracting the background from the experimental data. As
explained in section 3.3, the data were fitted using the saturation function obtained
in eq.3.17, in order to obtain the saturation power Psat and consequently a reference
for the characterization of the different emitters. A typical saturation curve is shown
in figure 4.4. To minimize the effect of the blinking on the data analysis, multiple
measurements are taken for each experimental power in the graph, and only the one
with the strongest emission is kept. We observed a median Psat of 62 nW.

Figure 4.4. Saturation measurement of a single nanocrystal. The blue squares are the
experimental data while the red line is the fitted function from equation 3.17.

The presence of a bi-exciton component, which is deduced from the presence of a
non-perfect saturation curve as explained in section 3.3, indicates that the correlation
function g 2 (0) will depend on the excitation power. To show this behavior we also
performed g 2 measurements as a function of the excitation power and we observed
a slight dependence of the g 2 value from the excitation power. An example of this
behavior is illustrated in figure 4.5.

Figure 4.5. Dependence of the g 2 (0) on the normalized excitation power.
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Effect of the sample dilution on the photobleaching

As explained in section 2.4, lead halides perovskite nanocrystals suffer from fast
photo-bleaching in presence of a combination of moisture, oxygen and light. Overcoming their emission instability is a critical challenge and the subject of an intense
research [150]. One possible way to evaluate the photostability of nanocrystals is to
monitor their photoluminescence over time [141]. Generally CsP bBr3 nanocrystals
- spin-coated onto a glass substrate and in direct contact with air - bleach after a
couple of minutes and, even when they are encapsulated with polimers, the longest
measurement time recorded in the literature is 100 s [78]. Moreover, taking consecutive spectra of CsP bBr3 emitters, a shift of the central emission peak of more than
10 nm in a few tens of seconds is generally observed[78] [151] [29]. The observed
spectral drift has been attributed to the degradation of the nanocrystals, resulting
in a progressive reduction of their sizes.
With the synthesis method we used, described in Annex B, it is possible to obtain
a significant improvement in the photostability of the emitters under illumination,
resulting in the possibility of collecting luminescence for more than one hour with
strongly reduced bleaching effects.
We studied the effect of illumination on six samples of different dilutions. These
dilutions were carried out in toluene starting from the concentrated solution (with a
molar concentration of 1 µM), up to a dilution of 1 : 50, as shown in figure 4.6. We
started by analyzing the highest concentration sample. First, we made sure that this
high concentration still allowed us to individually target each emitter so that we could
conduct a study on the individual emitter. Once the emitter to be characterized
was chosen, its suitability was verified: a photoluminescence spectrum was taken to
verify the presence of a single narrow peak1 , then a saturation measurement was
carried out to determine the saturation intensity together with an antibunching
measurement to verify its nature as a single photon emitter, that is the object we are
interested. The selected emitter was excited at the saturation intensity for two hours
while its emission spectrum was collected every 5 minutes. In figure 4.7 it is possible
to observe the evolution of the normalized emission spectra with respect to time. A
blue-shift in the central emission peak of less than 10 nm after two hours is observed.
The blue shift is a sign of emitter’s degradation but in our case it has been observed
on a time scale of two orders of magnitude longer in previous works, thus indicating
a remarkable stability of our emitters. The best result reported in the literature is
indeed a blueshift of 16 nm in 300 s[29].
The robustness that characterizes this high concentration sample, however drops
fast when we make a dilution. Since our ultimate goal is to couple a single emitter
to a tapered optical nanofiber to develop an integrated single photon source, it is
necessary to use a strongly diluted sample. We are therefore interested in investigating the stability of emitters as their concentration in the solution changes. For
1
The presence of a single and narrow peak in the spectrum excludes that we are observing a
cluster of emitters.
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diluizioni.jpg

Figure 4.6. Different dilutions carried out in toluene starting from the concentrated
solution.

this purpose, each of the six samples with increasing dilution is illuminated with
the LED set to its full irradiance (25 W). We recorded a video of the illuminated
area, taking a frame every 20 seconds for 20 minutes. In this way, by analyzing each
frame of the video, it is possible to estimate the number of nanocrystals that are
still emitting with respect to the first frame. Figure 4.8 shows the resistance curves
obtained.
The initial slope of each curve gives information on the average lifetime of the
emitters under illumination. The high concentration sample (1 : 1) is robust and
highly photostable; in fact after 20 minutes more than half of the nanocrystals are
still emitting. The samples with greater dilutions (from 1 : 2 to 1 : 50) have instead
bleached after 5 minutes. We can see that the (1:50) solution appears better than
(1 : 2) one. This is due to the fact that for increasing dilutions an increasing number
of aggregates is observed. Although with our analysis it is possible to filter out
most of the clusters, with the post-selection is not possible to distinguish the small
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Figure 4.7. Evolution with respect to time of the emission wavelength of a single perovskite
NC excited at the saturation intensity. Each spectrum is normalized to the maximum
intensity.

aggregates from the single emitters and therefore to eliminate them. These small
residual aggregates last for longer time, leading to an overestimation of the number
of particles still active after a given time. We attribute the effect of the diminution
of the photostability with the dilution to the dynamic bonding of the ligand to the
perovskite nanocrystal surface. Under dilute conditions, there is no longer a balance
between bound and unbound ligands in the solution: the fraction of the bound
ligands decreases as they can hardly find the surface of the nanocrystal. As a result,
the dilution process leads to poorly passivated nanocrystals which can easily bleach.

4.4 Blinking characterization
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Figure 4.8. Percentage of nanocrystals still emitting after a certain time under strong
illumination for 1 : 1, 1 : 2, 1 : 10, 1 : 20, 1 : 50 dilutions.

4.4

Blinking characterization

The emitted intensity of a nanocrystal is not constant in time but tends to fluctuate
between high and low intensity states on time scales spanning from microseconds
to hundreds of seconds due to the aforementioned phenomenon of blinking. As
explained in section 1.7, this behavior has been reported in literature for several
kinds of quantum emitters, an example of which is shown in figure 4.9.

Figure 4.9. Typical blinking behavior reported for a single CdSe/CdS nanocrystal. Figure
taken from reference [152].

The details of the underlying mechanism responsible for blinking are still highly
debated, but it is generally agreed that non-fluorescence periods during blinking
are directly result of charge carrier trapping. This is a process that affects charge
transport and recombination in nanocrystals and it consists in localization of an
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electron or a hole at lattice defects within the crystal structure or at unsaturated
bonds on the nanocrystal surface atoms. In the case of semiconductor nanocrystals,
these trap states create energy levels within the semiconductor band gap. Typical
timescales for removal of a charge from the conduction band to a trap state are
one to tens of picoseconds, instead lifetimes of trap states range from nanoseconds
to microseconds. When the charge is trapped for long time, the nanocrystal is
said to be in a charge-separated state: one charge in a localized trap state and its
counterpart delocalized inside the nanocrystal.
Two models have been developed in literature to link charge trapping with OFF
periods, we will refer to these models by calling them model A and model B.
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Model A
Charge trapping leaves nanocrystals in a charge-separate state. The unpaired
charge in the core induces a low fluorescence quantum yield because most of the
electron-hole (e-h) pairs recombine non-radiatively with the extra charge by an
effect called Auger effect. As already explained, it is an efficient non-radiative
recombination pathway strictly connected to the strong quantum confinement. It
consists in an energy transfert from an e-h pair to a third particle (electron, hole or
exciton) because of the Coulomb interaction; in our case the energy is transferred
from the new generated excitons to the spectator charge. The low fluorescence state
lasts for a time dictated by the lifetime of the trapped charge. Once the trapped
charge recombines with its countercharge, the low fluorescence period is over.
In figure 4.10 the different steps are shown:
a) ON states are the result of continuous cycling photon absorption to create an
exciton, followed by radiative recombination of e-h pair.
b) ON to OFF switching occurs when charge carrier goes to a trap state, leaving
a delocalized charge of opposite sign inside the nanocrystal.
c) During OFF states, despite the subsequent absorption cycles, the resulting
charged nanocrystal remains usually non-fluorescent or very low fluorescente,
because emission is quenched by a competition between the fast non-radiative
Auger recombination and radiative recombinations.
d) OFF to ON switching occurs when the trapped charge returns into the nanocrystal and recombines with its counterpart.

Figure 4.10. Schematic depiction of blinking model A. The nanocrystal conduction band
edge (CB), valence band edge (VB), and surface trap states (TS) are labeled. Figure
taken from reference [153]
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Model B
Model B do not require long-lived traps or Auger recombination [154] and there is
not a permanent charging of the core during low fluorescence periods. During an
off state a carrier, i.e a hole, is predicted to trap in a state with a lifetime of ˜1µs
and then to recombine non-radiatively with the unpaire one, i.e an electron, in the
nanocrystal conduction band. The nanocrystal returns to the neutral ground state
rapidly following each excitation event. The trapping rate fluctuates in time and
the nanocrystal remains in an off state for the duration that the trapping rate is
much faster than the radiative recombination rate[155]. The result is that blinking
is caused by time-dependent fluctuations of that trapping rate: the off duration is
determined by the time the trapping rate dominate the radiative recombination rate
and not by the lifetime of the trapped charge - as in model A - and the photoluminescence intensity in this case is not determined by the competition between radiative
and non-radiative rate but by the one between radiative and trapping rate[153].
In figure 4.11 the different steps are shown:
a) ON states occur when the trapping rate is considerably slower than the
fluorescence rate; the nanocrystal cycles between photon absorption to create
an exciton that recombines radiatively.
b) ON to OFF switching occurs when the trapping rate becomes faster than the
fluorescence rate.
c) During OFF states, the nanocrystal cycles between photon absorption to
create an exciton, fast removal of the charge to a trap state and non radiative
recombination with the counterpart charge in conduction band.
d) OFF to ON switching occurs when the trapping rate becomes very slow again.

Figure 4.11. Schematic description of blinking model B, where kt is the trapping rate and
kf the recombination rate.The nanocrystal conduction band edge (CB), valence band
edge (VB), and surface trap states (TS) are labeled. Figure taken from reference [153].
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A well established method to experimentally distinguish between type A and
type B blinking is to study the spontaneous emission lifetime dependence on the
emission intensity. Indeed in type A blinking the lifetime is expected to depend on
the emission intensity [155] while in type B blinking the lifetime should not depend
on the intensity[156].
We can explain this behavior as follow. As seen, in type A blinking ON and OFF periods correspond to a neutral nanocrystal and a charged nanocrystal, respectively, and
this charging/discharging causes the random switching between the two luminescence
states. The dynamic of the bright state is dominated by radiative recombination of
the neutral exciton, which has a spontaneous emission lifetime ( ~15 nanoseconds
in perovskite nanocrystals [29]). For the charge exciton the three particle Auger
recombination opens a fast, non-radiative channel, resulting in a shorter lifetime
(of the order of the nanosecond [29]) and a reduced photoluminescence quantum
yield. For these reasons this model predicts correlated fluctuations of the photoluminescence intensity and lifetime, as observed experimentally [157] [158] [152]. In
type B blinking, instead, we observed periods of low luminescence intensity that are
not accompanied by a significant shorterning of the photoluminescence lifetime[153].
Indeed,the photoluminescence intensity fluctuates between ON and OFF states, but
the photoluminescence lifetime remains constant[155]. This is explained by the fact
that the low fluorescence quantum yield of the OFF state is the result of the fast removal of a carrier (i.e. a hole) to a trap state and not a result of Auger recombination.
It is possible that no clear ON-OFF transitions are observable and that the nanocrystal shows a photoluminescence trajectory with a quasi-continuous distribution of
intensity as a function of time, as showed in figure 4.12b. In this case it is more
appropriate to describe the behavior of the emitter in terms of flickering. Flickering
occurs when the switching time between bright and low photoluminescence states
is too short with respect to the experimental binning of the photoluminescence
time-trace curve. For CsP bBr3 , for example, the switching usually occurs on a
microsecond time scale[159], instead the chosen binning of the time-trace curve is
typically of tens of milliseconds. In this case the data within each bin represents an
average intensity, therefore it is not possible to completely distinguish the bright and
low states. Our emitters, like the vast majority of perovskite nanocrystals reported
in literature[160] [161], show a clear flickering behavior in their emission time, as
showed in figure 4.13. trace The flickering characterizes most of the perovskite
nanocrystals reported in the literature[29][160] including our emitters.
To understand better what type of blinking characterizes the emitters studied,
we therefore have studied the dependence of the spontaneous emission lifetime on
the emission intensity.
Figure 4.13 shows the timetrace that we have obtained making a 15 minutes measurement on a single nanocrystal with the TCSPC technique explained in section 3.4.
The signal is binned with a binning time of 50ms. Interestingly, the nanocrystal’s
emission is characterized by a reduced blinking with respect to the typical behavior
of this kind of perovskites reported in literature. The emitter was used for other
kind of measurements after this one, and lasted for more than one hour.
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Figure 4.12. A-type blinking and flickering.

Figure 4.13. Time trace of a single nanocrystal, performed with a binning of 50ms.

We then fit the luminescence decay obtained with the TCSPC technique, showed in
figure 4.14, with a triple-exponential decay model:
−
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τ3

+B

(4.1)

where the three different lifetimes, τ1 , τ2 and τ3 , correspond respectively to the neutral, the charged, and the biexciton emission states [160]. In eq. 4.14 t0 represents the
pulse arrival time, Ai are the amplitudes of each decay component and B is an offset
that takes into account the dark counts. As shown in figure 4.14, the fitting procedure
shows a good agreement with the experimental data and we obtain lifetimes of 14.7 ns,
6.1 ns and 1.4 ns for the neutral, charged and biexciton emission states, respectively.
We can now study the correlation between photoluminescence intensities and lifetimes. In figure 4.15 a zoom of the blinking trace and the average lifetime versus
time are reported. It is possible to observe qualitatively a correlation between the
two curves and this indicates the presence of a type A blinking for these emitters.
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Figure 4.14. Lifetime of a single nanocrystal, fitted with a triple-exponential decay model.
We obtain 1.4 ns, 6.1 ns and 14.7 ns, corresponding respectively to the lifetimes of the
biexciton, charged and neutral emission states.

Figure 4.15. Blinking trace (upper graph) and lifetime (lower graph) of a single nanocrystal.

An other useful tool for the quantitative analysis of correlations between photoluminescence intensities and lifetimes during fluctuations is the fluorescence lifetimeintensity distribution (FLID) representation [162] [29] [155]. In this representation,
the probability of occupying a given state in the two-dimensional lifetime– intensity
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space is shown by the color variation from blue to red as the probability increases.
In figure 4.16 FLIDs images are shown, corresponding to an excitation intensity
of 0.5Psat and 2Psat respectively, obtained with a bin size of 50 ms. In the FLIDs
images, the area corresponding to 50% and 68% probability of emission are delimited
with dark curves, respectively the inner one and the outer one. It is thus possible
to observe a strong correlation between the photoluminescence intensity and the
photoluminescence lifetime during the fluctuations, in agreement with the A-type
blinking model.

Figure 4.16. Fluorescence lifetime-intensity distribution (FLID) images of a single emitter,
excited at half (a) and twice (b) the saturation intensity.. The closed curves contains
50% (inner one) and 68% (outer one) of the occurrences.

Furthermore, in our case the perovskite nanocrystals show a remarkable stability
of the bright state emission with the increase of the excitation power, unlike previous
works[29] that showed a predominance of the low state emission for high excitation
powers and a significant decrease of the emission intensity, as reported in figure 4.17.

Figure 4.17. Fluorescence lifetime-intensity distribution (FLID) images reported by Park
et al.[29] for increasing excitation power. The color change from blue to red corresponds
to increasing probability of occurrence of a given state in the IP L -τP L space, showing
a predominance of the low state emission for high excitation powers and a significant
decrease of the emission intensity.

4.5 Polarization measurement
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Polarization measurement

In figure 4.18 a typical polarization measurement is shown. The data are obtained
and analyzed according the method explained in section 3.2. The curve has a mean
value of 0.5 due to the fact that, as explained in section 3.2, it is normalized by the
total intensity detected on both the photodiodes in the polarization setup, in order
to account for fluctuations due to the blinking. Fitting the data with eq 3.6, we can
extract the Stokes parameters:
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According to equation 3.3, we then obtain a degree of polarization of P = 23%.

Figure 4.18. Typical polarization measurement.

The studied nanocrystals are therefore slightly polarized. This is in agreement with
the results reported in the literature for CsP bBr3 perovskite nanocubes[141][116]
and can be explained by their symmetrical crystal structure. As showed in a recent
study on the polarization properties of the CsP bX3 perovskites[163], the presence of
polarization depends indeed on the symmetry of the crystal structure and different
degrees of polarization are observed as the halide varies, as shown in figure 4.19.
The CsP bBr3 perovskite belongs to cubic crystal structure while, for example,
CsP bI3 quantum dots are distorted from the cubic structure due to the bigger iodine
atom[113][164]. The CsP bI3 distorted cubic structure breaks the space inversion
simmetry and the resulted asymmetrical structure would be responsible for the
polarization properties of this compound[165]. For CsP bBr3 nanocubes this does
not happen due to the absence of anisotropies.
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Figure 4.19. Polarization of different CsP bX3 perovskites. Figure reported from reference
[163].

4.6

Quantum properties

To verify the nanocrystals’ nature as single photon emitters and to characterize
their quantum emission, we measured the second order autocorrelation function
g 2 (0) using the Hanbury Brown and Twiss setup and recording the data with the
time tagged time-resolved method using the TCSPC technique, as explained in
section 3.4. To easily compare the g 2 (0) values obtained for different emitters, all
the antibunching measurements have been performed at the saturation power. With
the TCSPC technique is therefore possible to obtain the histogram of the relative
arrival times of the photons, such as the one presented in figure 4.20.
In general we have that, due to blinking, the autocorrelation function’s peaks close
to the 0 delay peak are higher than 1, instead for large delays compared to the
characteristics blinking time they tend to 1, as showed in figure 4.21. Therefore,
using an established procedure in the literature [166] [167], the histogram has been
normalized by setting the mean height of the peaks with τ ' 10ms to be 1.
The background of this type of measures is mainly given by the noise of the APDs
and it has been subtracted from the experimental data following the procedure
explained in section 3.5.
For the measure reported in figure 4.20, a value of g 2 at τ = 0 delay of 0.02
was obtained. This value, being well below the value 0.5, demonstrates the presence
of single photon emission. On a sample of 24 emitters, the 50% of them show an
excellent single photon emission, presenting a value of g 2 (0) < 0.2 The CsP bBr3
nanocrystals studied therefore exhibit a single photon emission quality comparable
with other commonly used room temperature single photon emitters, such as InGaN
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Figure 4.20. g 2 (0) function of a single nanocrystal emitting high quality single photons,
measured with a repetition rate of 2.5 MHz.

quantum dots, NV defects in diamonds and CdS/CdSe dot in rod.
The g 2 (0) measurements made on the sample of 24 emitters were then analyzed
as a function of the central emission wavelength, as shown in figure 4.22. Each
experimental point in the figure represents a different emitter and all the emitters
are excited at their saturation intensity. In this distribution it is possible to observe
that for longer wavelengths the value of the second order autocorrelation function
degrades. In particular, the measures characterized by a central emission wavelength
bigger than 505 nm show a value of g 2 (0) bigger than 0.5, no longer presenting
antibunching. We can explain this behavior considering that as the size of the
nanocrystals increases, quantum confinement decreases and the emission wavelength
increases, reducing the quality of the single photon emission.
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Figure 4.21. Measurement of the autocorrelation function g 2 (=) of a single perovskite
nanocrystal, showing clear single photon emission. The g 2 (0) is shown around τ ' 0ms,
where peaks are higher than 1 and for τ ' 10ms where they tend to 1. The blue line is
indicates the value of g 2 (0) below which there is single photon emission.
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Figure 4.22. Measured g 2 (0) values as a function of the central wavelength of the emission
of the nanocrystals. All the emitters were excited at their saturation intensity.
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Chapter 5

Nanofiber integration
In this chapter I will describe the first realization of coupling of a single CsP bBr3
perovskite nanocube with an optical tapered nanofiber, resulting in a prototype of
an hybrid nanophotonic device for quantum-technologies-oriented applications[168].
I will start by describing the propagation of light within an optical fiber, without
the intention to be exhaustive but with an emphasis on the aspects necessary for
understanding the experimental work. Then I will illustrate the manufacturing
procedure to obtain an optical nanofiber and how particles are deposited on that
nanofiber. Finally I will present the results of the experimental measurements.

5.1

Optical nanofibers

An optical nanofiber [169] is a cylindrical nonplanar waveguide, generally made of
glass and transparent in the visible wavelength range. Its diameter is typically less
than the wavelength of the guided light. In the visible domain - to which the optical
adjective refers - this corresponds to a size of a few hundred nanometers. This object
can be schematized by a cylindrical dielectric core with refractive index n1 and
radius a and a cladding with smaller refractive index n2 . In our case n2 = 1, as the
role of the cladding is played by the air surrounding it. The nanofiber is connected
on both sides to the standard fiber by a transition zone with a very gentle slope, as
showed in figure 5.1.

Figure 5.1. Illustration of a typical tapered nanofiber. Figure taken from reference [169].

Optical nanofibers offer several advantages:
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• strong confinement of the electromagnetic field over the whole fiber
length[170];
• intense evanescent field in the vicinity of the fiber, which enables the
coupling of the light emitted by a nano-emitter located nearby directly into
the nanofiber, obtaining a compact and integrated single photon source[171];
• high transmission offered by the manufacturing method[172]. In particular,
our nanofibers are obtained by stretching a standard optical fiber while heating
it in order to reduce its diameter to some hundreds of nanometers. An adiabatic
transition between the standard fiber part and the nanofiber region allows an
efficient light transmission of the whole system, moreover the glass malleability
ensures low surface roughness.
• great versatility in terms of connectivity to other systems, demonstrated by
the growing importance that such hybrid systems are acquiring in quantum
optics and quantum information[2] [173] [174].

5.2

Light propagation in an optical fiber

In this section I will explain how to obtain the guided modes for a step-index optical
fiber1 starting from Maxwell’s equations; then I will illustrate the properties of the
fundamental mode we are interested in.

5.2.1

Nanofiber electromagnetic modes

In an inhomogeneous dielectric medium2 , as in the case of a nanofiber, the vector
wave equation derived from Maxwell’s equations is given by[175]:
~−
∇2 E

~
n(~r)2 ∂ 2 E
1
~ =0
+ ∇(
∇n(~r)2 · E)
2
2
c
∂ t
n(~r)2

(5.1)

~ the Laplacian
where c is the speed of light, n(~r) the refractive index in r and ∇2 E
of the electric field. The equation in inhomogeneous media differs from that in the
homogeneous case mainly by the third term. When the third term is absent, each
Cartesian transverse component of the field obeys the scalar wave equation[176].
The third term, on the other hand, couples the components of the field and makes a
vector treatment necessary.
In the case of an optical fiber with a core of index n1 and a cladding of index n2 ,
the first two terms have an amplitude of the order E0 /λ2 and the third term has
0
an amplitude of the order of E
(n21 − n22 )/n22 [177], where E0 is the electric field’s
λ2
amplitude. There are two cases:
• (n21 − n22 )/n22 << 1: in this case the third term is negligible[178] and the guided
modes are essentially the electric-magnetic transverse modes(TEM) [175];
1

A waveguide in which the index profile has abrupt changes between the core and the cladding
is called a step-index waveguide.
2
The medium is non-magnetic, linear, non-dispersive, isotropic and in the absence of charge and
current.
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• (n21 − n22 )/n22 ' 1: this is our case of a silica nanofiber n1 ' 1.46 surrounded
by air (n2 = 1). In this case the third term plays an important role [176].
In this section I will follow the vector treatment proposed by Snyder and Love[176]
looking for solutions of the equation 5.1 in the case of an optical nanofiber with the
only constraint of n1 > n2 , as described in [169] [177] [179] [180].
Let us consider a reference frame of cylindrical coordinates with the axis of the fiber
parallel to the z-axis, as shown in figure 5.2.

Figure 5.2. Reference frame used for the description of the electric field. The origin is
fixed in the center of the fiber with the axis of the fiber coinciding with the z axis.

We first solve the equation 5.1 for the longitudinal components of the field Ez
and Hz , separately in the core and in the cladding. The wave equation takes the
form:
"
#
E
(r,
Φ,
z)
z
(∇2 + n21,2 k 2 )
=0
(5.2)
Hz (r, Φ, z)
The solutions propagate in the z direction with a propagation constant β = 2πnef f /λ,
where nef f s the effective refractive, a key parameter in guided propagation. In
the case of a optical fiber described by a core index n1 and a cladding index n2 ,
n2 ≤ nef f ≤ n1 . The wavelength of the guided light can thus be written as λ/nef f ,
taking a value between λ/n1 - that is, the wavelength for the light that propagates
in the media of index n1 - and the wavelength λ/n2 , for light that propagates in the
media of index n2 . The solutions of eq. 5.2 can be written in the form:
"

#

Ez (r, Φ, z)
∝ u(r)e±ilΦ e−iβz ,
Hz (r, Φ, z)

l = 0, 1, 2, ....

(5.3)

By introducing eq. 5.3 into eq.5.2, we obtain the differential Bessel equations for
u(r) in the core and in the cladding respectively:
∂ 2 u(r) 1 ∂u(r)
l2 
2
+
h
−
u(r) = 0, r ≤ a (core)
+
∂r2
r ∂r
r2
∂ 2 u(r) 1 ∂u(r)
l2 
2
+
+
q
+
u(r) = 0, r > a (cladding)
∂r2
r ∂r
r2

(5.4)
(5.5)
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where h2 = n21 k 2 − β 2 and q 2 = β 2 − n22 k 2 . By considering only the physically
acceptable solutions, the following solutions are obtained:
"

#

" #

Ez (r, Φ, z)
A
=
J (hr)ei(±lΦ−βz)
Hz (r, Φ, z)
B l

"

#

r≤a

(5.6)

r>a

(5.7)

" #

Ez (r, Φ, z)
C
=
Kl (qr)ei(±lΦ−βz)
Hz (r, Φ, z)
D

where Jl is the l-order Bessel function of the first kind and Kl is the modified l-order
Bessel function of the second kind (similar to an exponential decay).
Once the longitudinal field components, Ez and Hz , are known, all field components
can be obtained.We can determine thus the remaining components of the field Er ,
EΦ , Hr and HΦ starting from the components Ez and Hz and using Maxwell’s
~ = −iωµ0 H
~ and ∇ × H
~ = iω0 n2 E.
~ Boundary conditions at r = a
equations ∇ × E
impose the following relations for the interior constants A and B, and for the exterior
constants C and D:
 1 2
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(5.8)
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The knowledge of the propagation constant β and the constant A completely define
the system3 . An eigenvalue equation determines the propagation constant:
 Jl0 (ha)

haJl (ha)

+

Kl0 (qa)
J 0 (ha)
K 0 (qa)
l2
1
1 2
][n21 l
+ n22 l
] = β2 2
+
(5.9)
2
qaKl (qa)
haJl (ha)
qaKl (qa)
k (ha)
(qa)2

where, as seen, h2 = n21 k 2 − β 2 and q 2 = β 2 − n22 k 2 .
Before describing the solutions (modes) allowed by eq. 5.9, let’s remember how
the modes can be classified based on the characteristics of the longitudinal field
components:
• A transverse electric and magnetic mode, or TEM mode, has Ez = 0
and Hz = 0. Thus dielectric waveguides do not support TEM modes.
• A transverse electric mode, or TE mode,has Ez = 0 and Hz 6= 0
• A transverse magnetic mode, or TM mode,has Ez 6= 0 and Hz = 0
• A hybrid mode, HE or EH, has both Ez 6= 0 and Hz 6= 0.
3

A is usually determined using energy conservation by means of the Poynting vector
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The eigenvalue equation 5.9 must be numerically solved and admits two families of
solutions (modes): the hybrid modes HElm and EHlm , where l and m respectively
characterize the azimuthal and radial distributions. In particular, in the case l = 0,
they are reduced to an electric transverse (T E0m ) or magnetic transverse (T M0m )
mode respectively. The mode properties of a waveguide are commonly characterized
in terms of dimensionless waveguide parameters. One possible choice is to define a
normalized frequency, also known as the V number:
V =

2π q 2
a n1 − n22
λ

(5.10)

where a is the radius of the fiber. In figure 5.3 are shown the solution of eq. 5.9 in
terms of nef f = β/k as a function of V for various families of modes.

Figure 5.3. Effective index of refraction as a function of V-number. The families of modes
and their colors are HE (solid blue), EH (dashed-dotted black), TE (dashed red), TM
(dotted green). Figure taken from reference [169].

Only one solution remains when the diameter approaches zero: the fundamental
mode HE11 . The waveguide is then single-mode under the condition:
0 < V < 2.405

(5.11)

or, equivalently, ρ/λ < 0.36. The graph shows that, for an increasing fiber radius,
the value of the effective index associated with the mode increases starting from the
cladding value n2 = 1 towards the core value n1 = 1.46. When a mode is created,
the light essentially sees the cladding index n2 = 1, i.e. the fiber modes are outside
the fiber. For a higher fiber radius the effective refractive index nef f grows until, for
a very large fiber, it approaches the core index n1 , i.e. the modes propagate into the
core .
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5.2.2

Electric field of the HE11 mode

We are interested in the fundamental mode and, in particular, in the field outside
the fiber since the emitters are positioned in this region. The cylindrical components
of the fundamental mode field for r > a can be written as:
β J1 (ha)
[(1 − s)K0 (qr) + (1 + s)K2 (qr)]ei(ωt−βz)
2q K1 (qa)
β J1 (ha)
EΦ (r, Φ, z, t) = ±A
[(1 − s)K0 (qr) − (1 + s)K2 (qr)]ei(ωt−βz)
2q K1 (qa)
J1 (ha)
Ez (r, Φ, z, t) = A
K1 (qr)ei(ωt−βz)
K1 (qa)
Er (r, Φ, z, t) = −iA

q

(5.12)

q

where h = n21 k 2 − β 2 , q = β 2 − n22 k 2 , β is the propagation constant associated
with the fundamental mode and
s=

(qa)−2 + (ha)−2
.
J10 (ha)/(haJ1 (ha)) + K10 (qa)/(qaK1 (qa))

(5.13)

The ± sign of the EΦ component corresponds to two different polarizations of the
HE11 mode. In fact, the two transverse components Er and EΦ oscillate in phase
quadrature and the electric field describes an ellipse whose circulation, clockwise or
circ,±
anti-clockwise, is given by the sign of EΦ . We denote these two modes with HE11
.
circ,+
circ,−
A superposition of this modes {HE11
± HE11 } is still a solution of eq 5.1.
In the cylindrical coordinates the Cartesian components of the electric field in
such a mode for r > a can be written as:
β J1 (ha)
[(1 − s)K0 (qr) cos(Φ0 ) + (1 + s)K2 (qr) cos(2Φ − Φ0 )]ei(ωt−βz)
2q K1 (qa)
β J1 (ha)
Ey (r, Φ, z, t) = −iA
[(1 − s)K0 (qr) sin(Φ0 ) + (1 + s)K2 (qr) sin(2Φ − Φ0 )]ei(ωt−βz)
2q K1 (qa)
J1 (ha)
K1 (qr) cos(Φ − Φ0 )ei(ωt−βz)
(5.14)
Ez (r, Φ, z, t) = A
K1 (qa)

Ex (r, Φ, z, t) = −iA

The angle Φ0 determines the orientation axis of the polarization of the field. The
two sets of solutions corresponding to Φ0 = 0, π/2 express two different orthogonal
and locally linear polarizations, aligned along the x and y axes, respectively. The
x and HE y
two modes that correspond to these polarizations are denoted as HE11
11
respectively.
The two representations presented, called quasi-circular and quasi-linear representations, constitute two equivalent bases for describing the electric field of a
single-mode fiber.

5.2.3

Longitudinal component of the fundamental mode

The fundamental mode has a longitudinal component Ez (r, Φ) 6= 0 which oscillates
in phase quadrature with the transverse field. The presence of this component is a
~ = 0. According to this equation a focused light
consequence of the Gauss law ∇ · E
beam of wavelength λ that propagates along ±z has a longitudinal component:
Ez = ±ki∇ · E~T

(5.15)

5.2 Light propagation in an optical fiber
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where the ± corresponds to the two possible directions of propagation and E~T is
the transverse field. The presence of i in the expression for Ez means that Ez is
phase quadrature with the transverse components, depending on the propagation
direction.
x mode, the transverse
From figure 5.4a we can observe that in the case of an HE11
field goes from a maximum amplitude to an almost zero amplitude in a range of
hundreds of nanometers. This rapid variation implies a significant longitudinal
component according to eq 5.15. In fact in figure 5.4b it is possible to observe that
the longitudinal component is about a third of the transverse component where the
transverse field varies very rapidly. Instead, at the center of the fiber - where the
transverse field is almost constant - the longitudinal component is zero. In general,

x
Figure 5.4. Electric field of the mode HE11
. Figure taken from reference [177].

the polarization of a quasi linear fundamental mode is elliptical in the plane in which
the propagation axis and the main polarization axis lie. Moreover, polarization,
direction of propagation and evanescent field follow the right hand rule, as illustrated
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in figure 5.5. In our case the light propagates along the positive zeta axis; in the
upper half-plane of the fiber the field circulates counterclockwise (i.e. it has spin
along the y axis) and in the lower half-plane the circulation of the field is clockwise
(i.e. the spin points in the opposite direction).

Figure 5.5. Interdependence between polarization, direction and evanescence. Figure taken
from reference [177].

5.2.4

Choice of the nanofiber’s diameter

We have seen that the effective refractive index β/k varies from a higher value
n2 = 1.46 for which the mode is mostly in the bulk silica to a lower value n1 = 1
for which the mode is mostly in the evanescent field outside the fiber. We have also
seen that the single-mode condition for vacuum-clad silica-core fibers requires that
a/λ < 0.36 and this, as showed in figures 5.3 and 5.4, means that in this case the
mode is mostly in the evanescent field outside the fiber and it is very intense near
the nanofiber’s surface. Figure 5.6 shows the different profiles inside and outside
the nanofiber for the the total intensity of the electric field in a fundamental mode
with quasi-linear polarization along x axis. In figure 5.7 the cross-section profiles of
the intensities |Ex |2 , |Ey |2 and |Ez |2 of the Cartesian-coordinate components of the
electric field are plotted4 .
The strong evanescent field around the nanofibre is an efficiently tool for detecting
nanoparticles in the vicinity of the fiber[182], allowing the light emitted by the nanoobject to be coupled to the fiber. In fact it has been theoretically predicted that,
due to the confinement of the field in the guided mode, an appreciable amount of
fluorescence photons can be channeled into a single-guided mode of the nanofiber
[31] and an efficient probing of few atom fluorescence through the guided mode of
the nanofibre has been experimentally demonstrated[183].
The coupling between an emitter in the vicinity of the surface and the guided
mode can be controlled and maximized by playing on the diameter of the nanofiber,
4

We can see that |Ez |2 is not negligible at all.

5.3 Producing optical nanofibers
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2

Figure 5.6. Cross-section profile of the total intensity |E| of the electric field in a
fundamental mode with quasi-linear polarization. The inset shows the inner part of the
profile, which corresponds to the field inside the fiber. The parameters used: a = 200nm,
λ = 1.3µm, n1 = 1.4469, n2 = 1, and Φ0 = 0. Figure taken from reference [181].

i.e. by looking for the diameter of the nanofiber for which the intensity is maximum
at the surface. A maximum intensity is observed for a fiber diameter close to λ/2.

5.3

Producing optical nanofibers

The nanofiber is produced starting from a standard optical fiber and using taper fiber
technology. The essence of this technology is to heat and pull a single-mode optical
fiber to a very thin thickness maintaining the taper condition to keep adiabatically
the single-mode condition. The apparatus used to produce the nanofibers is shown
in figure 5.8.
The first step before pulling the fiber is to carefully clean it and remove the plastic
buffer that covers the fiber. In fact, the pre-pull cleanliness of the fiber is essential to
obtain high transmission through the optical nanofiber. If any particulate remains
from the fiber buffer or if dust arrives on the fiber before being introduced to the
flame, the particulate will burn and greatly diminish the final transmission. A
three-step cleaning is performed: we use isopropyl alcohol on lens tissue to remove
larger particulates, a few wipes of acetone are then applied in order to dissolve
smaller remnants of the buffer and again a final cleaning with isopropyl alcohol
removes residues left from the previous solvent, which can also decrease transmission.
The fiber is carefully placed into the grooves of the fiber clamps on the pulling
apparatus. Here the fiber is suspended between two motorized translation stages
that can move horizontally and are controlled by a computer. A Bunsen burner is
positioned under the fiber and its vertical position is controlled by a motor, which
provides also a controlled flame of H2 and O2 .
Once the fiber is ready, the tapering process is started from a computer-controlled
interface. Once the characteristics of the nanofiber have been defined (desired
diameter of the nanofiber, length of the nanofiber, profile of the transition zone),
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2

2

2

Figure 5.7. Cross-section profiles of the intensities |Ex | , |Ey | , and |Ez | of the Cartesiancoordinate components of the electric field in a fundamental mode with quasi-linear
polarization. The insets show the inner parts of the profiles, which correspond to the
field inside the fiber. The parameters for this figure are the same as those for figure 5.6.
Figure taken from reference [181].

the trajectories of the motorized translations are calculated using a Matlab routine
[184]. When the pulling starts, the flame is placed at a given distance from the fiber
and the motors start moving and pulling the fiber in order to obtain the desired
shape. The movements needed to perform this operation depend not only on the
chosen profile, but also on the physical characteristics of the flame, such as its size
and temperature. The distance between the flame and the fiber, as well as the flux
of hydrogen and oxygen need to be carefully chosen in order to obtain the effective
flame diameter used to calculate the fiber profile. The tapering process lasts several
minutes. A photodiode, placed at the output of the fiber allows to monitor the
transmission during the whole pulling process. In addition, the image of the fiber
is collected by a microscope objective and recorded by a camera behind it: this
is useful for a correct positioning of the flame. With this method it is possible to
reach fiber radii as small as 150 nm[185]and to observe transmissions over 95%[33].

5.4 Deposition technique

71

In our case, we produced a nanofiber with a radius of 250 nm and we observed a
transmission of 93%.

Figure 5.8. Scheme of the pulling setup. First the fiber is cleaned and clamped over the
flame as shown, then the flame moves up and the two motorized platforms pull the fiber
and move it over the flame, while the procedure is imaged using a microscope objective
on top. The transmission is monitored over the whole procedure by a photodiode at
the output of the fiber. All the protocol is controlled by a computer. Figure taken from
reference [166].

5.4

Deposition technique

To place the nanoemitter on the nanofiber we touch the fiber with a drop of solution
containing the nanoparticles, as shown in figure 5.9. It is important to have a solution
diluted enough in order to be sure to deposit a very small number of nanoparticles
on the nanofiber, ideally a single particle. Then we make a 1 : 100 dilution in toluene
of the original solution and we take 20µl of this solution with a micro-pipette in
order to obtain a drop at its end. The pipette is mounted on translation plates
above the nanofiber, which allow the nanofiber to be gently touched with the drop,
and then to take it off. This is a critical step, as the nanofiber can easily break
and it is useful to monitor the movement with a microscope. When successful, this
procedure results in several emitters deposited onto the nanofiber.

5.5

Antibunching measurement

Our goal is to detect single photon emission from a nanoemitter placed on the
nanofiber, demonstrating that the single perovskite nanocrystal is coupled to the
nanofiber and emits single photons directly inside it. The setup used for the
antibunching measurement is shown in figure 5.10. First, we select the nanoemitter
on which to perform the measurement. For this purpose the laser beam at 405
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Figure 5.9. Illustration of the deposition technique. A drop of the colloidal solution is
formed at the tip of a micro-pipette. We bring the drop closer to the nanofiber through
which light propagates. After contact with the nanofiber, the drop is removed.

nm is sent into the fiber: in this way we can excite the emitters on the nanofiber
and detect their photoluminescence through the microscope objective. We then
excite the selected nanocrystal with the laser beam sent through that microscope
objective and we collect the light from the fiber. The end of the fiber is plugged to
an HBT setup for the g 2 measurement with the same protocol described in section
3.4 5 . With the dilution used, the nanocrystals can be used for some minutes once
deposited.

Figure 5.10. Setup used to measure single photons emission from a nanocrystal coupled
to the nanofiber.

5
Optionally, photon antibunching and spectral measurements can be performed also in free-space
via the light collected with the micro -scope objective.

5.5 Antibunching measurement
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g2(τ)

Figure 5.11 shows an antibunching measurement performed on the light collected
via the nanofiber, corresponding to a g 2 (0) = 0.24. This measurement, which has
not yet been optimized, gives a result compatible with the g 2 (0) values obtained
from the nanocrystals deposited on the glass microscope coverslip.
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Figure 5.11. Autocorrelation function of a single nanocrystal emitting single photons into
the nanofiber, measured with a repetition rate of 5 MHz.

We have then dimostrated that a significant fraction of the nanocrystal’s emitted
light is coupled into the nanofiber and propagates to its end and that our NCs are
not damaged by the deposition process, validating this approach for this kind of
sources.
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Conclusion and outlook
In this thesis I presented a full analysis of the optical and quantum properties of
highly photo-stable CsP bBr3 perovskite nanocrystals.
Perovskite nanocrystals are versatile emitters and promising nano-objects for
quantum applications: their emission’s wavelength can be tuned playing on their size
and composition and they show single photon emission at low and room temperatures.
In recent years there has been a rapid development of the fabrication method of
CsP bBr3 perovskites in order to overcome the great instability due to moisture,
oxygen and light, which characterize this kind of emitters.
In this work I characterized highly efficient CsP bBr3 nanocubes synthesized
with an established method used for the first time to produce quantum emitters.
This method ensures an increased photostability and the possibility to excite the
nanocrystals under optical excitation for more than one hour.
I prepared the samples for optical characterization measurements by spin-coating
the colloidal solution containing CsP BBr3 nanocubes. Firstly I showed the dependence of the photoluminescence on the excitation power, highlighting the importance
of a saturation measurement to obtain a reference for the characterization of the
different emitters. Wide-field and confocal microscopy techniques allowed me to have
an overview of the sample and to select the single emitter to study, respectively. I
measured the photoluminescence spectra, analyzing both the central wavelength and
the FWHM distributions of the emission for a sample of 24 emitters. I studied the
photostability under illumination, showing that our emitters exhibit a remarkable
stability of about two orders of magnitude better than previous reported in literature.
I also studied the role of the sample dilution on the stability, suggesting approaches
to overcome the observed degradation. I then investigated the effect of the blinking
on our nanocubes. After illustrating the different models proposed in the literature
for the explanation of this phenomenon, I indicated the strong dependence of the
spontaneous emission lifetime on the emission intensity as a tool for understanding
the specific nature of blinking that characterizes our emitters. I also showed that the
studied emitters are characterized by a reduced blinking with respect to the typical
behavior of this kind of perovskites reported in literature. Using a polarization
microscopy setup that takes into account the fluctuations of the emitted intensity
due to the blinking, I showed that the nanocube’s emission is slightly polarized. To
verify the nanocrystals’ nature as single photon emitters, I measured the second
order auto-correlation fuction g 2 (0) using a Hanbury Brown and Twiss setup and I
demonstrated that our nanocubes show strong photon antibunching of the emission
and that the charge confinement has a crucial role on their quantum properties.
In the last part of this thesis I described the coupling of a single CsP bBr3
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nanocrystal with a tapered optical nanofiber, realized for the first time with such
emitters. The nanofiber is produced starting from a standard optical fiber and
using the tapered fiber technology: a single-mode optical fiber is heated and pulled
- ensuring an adiabatic transition - until a sub-wavelength diameter is obtained.
The choice of the diameter respects the single-mode condition for vacuum-clad
silica-core fibers and it is such as to obtain a strong evanescent field around the
nanofiber with a maximum intensity of the field near the nanofiber’s surface. Such a
nanofiber offers several advantages: the intense evanescent field allows the emitter’s
fluorescence photons to be channeled into the single-guided mode of the nanofiber and
a high transmission is offered by the manufacturing technique in addition to a great
versatility in terms of connectivity to others systems. After the deposition of the
CsP bBr3 nanocrystals onto the nanofiber, we performed antibunching measurements
on the light collected via the nanofiber, obtaining a value of g 2 (0) = 0.24. We then
demonstrated that the single perovskite nanocrystal is coupled to the nanofiber and
emits single photons directly inside it. Our result is a promising step towards the
realization of compact, integrated, hybrid single photon devices at room temperature
with perovskites nanoemitters [167, 186, 187, 188, 33, 189, 190, 191, 192, 193, 194,
195, 166, 196]. An important challenge to achieve this goal is to further improve the
emitters’ stability through an in-depth study of the role that ligands and dilution
play on the nanocrystal’s robustness.
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Appendix A

Noise cleaning of the second
order autocorrelation function
With the procedure illustrated below is possible to clean the g 2 histogram we get from
TCSPC measurements from the background noise that characterizes the TCSPC
technique.
Let’s start by considering how the coincidences are counted. We call M (τ ) the
number of counts measured at a given delay τ . Each count can be generated either
by a start from the signal or from the noise background and by a stop from the
signal or from the noise background. Calling s(τ ) the probability to have a start (or
stop) generated by the signal and b(τ ) the probability to have the start (or stop)
generated by the background, we can write (when both s(τ ) and s(τ ) << 1):
M (τ ) = C(b(τ ) + s(τ ))(b(τ ) + s(τ ))

(A.1)

where C is a constant of proportionality. We call M 0 = M
C . Considering τb between
two consecutive peaks, we know that there is no signal there, s(τb ) = 0 and:
M 0 (τb ) = b2 (τ )

(A.2)

To find Mc (τ ) = Cs2 (τ ) we solve the system of these two equations and we find
that:
q
q
Mc (τ ) = M (τ ) + M (τb ) − 2 M (τ ) M (τb )
(A.3)
With this formula we obtained the g2 (τ ) histogram cleaned from the background
counts.
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Appendix B

Synthesis recipe
The recipe used to obtain the CsP bBr3 perovskite nanocubes that have been studied
in this thesis is described below.
Nanocrystals synthesis
The synthesis method requires that 174 mg of P bBr2 are dissolved in 10 mL of
octadecene in a three-neck flask. The flask is degased under vacuum at room temperatures for 15 minutes; then, the temperature is raised to 120◦ C. At 105◦ C the
different ligands (in order 0.25 mL of oleylamine, 1.1mL of oleic acid, 0.75 mL of
octyl amine and 0.75mL of octanoic acid) are injected making sure that vacuum
has recovered after each injection. The solution is colorless at this stage and it is
further degased at 120◦C for 30 minutes. The atmosphere is switched to nitrogen
and the temperature raised to 150◦ C. Around 0.1 mL of cesium oleate is injected
in the flask and the solution turns turbid. After 35 minutes the solution is quickly
cooled down using a ice-bath. The solution is transferred to plastic tube in order
to be centrifuged and the supernatant is discarded. The pellet is dispersed in
5mL of toluene and the solution is centrifuged again at low speed (2000 rpm for
1 min). Finally, the pellet is discarded and the colloidally stable supernatant is stored.
Caesium oleate precursor
To obtain the Caesium oleate precursor 350 mg of Cs2 CO3 of octadecene are mixed
with 1.25 mL of oleic acid in a 50 mL three neck flask. The content of the flask
is stirred and degased under vacuum at room temperature for 25 min. The flask
is heated at 110◦ C for 15 min. The atmosphere is switched to nitrogen and the
temperature raised to 150◦ C. The reaction is carried on for 15 min. At this stage
the salt is fully dissolved. The temperature is cooled down below 100◦ C and the
flask degased under vacuum.
Chemicals
PbBr2 (Alfa Aesar, 98.5%), Cs2CO3 (Alfa aesar, 99, 99%), oleylamine (OLA, Acros,
80 − 90%), oleic acid (OA, Sigma-Aldrich), octylamine (Oct.Am, Alfa aesar, 99%),
Octanoic acid (Oct.Acid, Acros, 99%), octadecene (ODE, Acros Organics, 90%),
toluene (VWR, rectapur).
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