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Introduction

The theory of Quantum Mechanics was developed at the beginning of the XX th

century by physicists such as Planck, Einstein, Schrödinger and Dirac in order to
provide a description of the physical properties of nature at the scale of atoms and
subatomic particles not explained with a classical approach.

Nowadays, many applications based on knowledge coming from the quantum
theory, creating and manipulating quantum states to process information have been
developed such as quantum communication, quantum cryptography and quantum
computing.

In order to implement these quantum technologies, we need quantum objects.
Thus, single photons are a particular interest as they are ideal carriers for quantum
information.

An ideal single photon source is defined by several criteria :

- The emission of a single photon ;
- The probability of emitting a single photon (equal to 1) and the probability of

emitting multiple photon (equal to 0) ;
- The indistinguishability of the emitted photons ;
- The brightness and quantum yield (QY) [23] ;
- The arbitrarily fast repetition rate.

In the last years, systems [8] such as stochastic single photon generation or
deterministic single photon sources (e.g single photon, single atoms, single ions,
single molecules, semiconductor quantum dots (SC QDs), single color centers in
diamonds [16] and nanodiamonds) were studied in order to produce a single photon
emitter.

However, an interest in perovskite nanocrystals (NCs) firstly studied for solar-
cell application was raising in the quantum optics community. It was demonstrated
that quantum confined perovskite NCs can behave as very efficient single photon
emitters at room temperature as there is a strong antibunching detection in photo-
luminescence (PL) measurements [25].

Moreover, perovskite NCs are versatile emitters due to their tuning emission
wavelength playing on their size and composition [18] and are easily synthesized by
low-cost, well mastered wet chemistry techniques.

Yet, their use is limited by different instabilities as they usually bleach after few
minutes under illumination and present fluctuations (blinking) on the PL intensity.

In this internship report, a full analysis of the optical and quantum properties of
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highly efficient CsZnPbBr3 doped and CsZnPbBr3 − PEI1 perovskite nanocubes
(deterministic single photons sources) exhibiting reduced blinking and showing an-
tibunching will be done.

These nanocubes are synthesized in collaboration with the Institut des Nanosciences
de Paris (INSP) with a specific method, allowing us to obtain higher stable samples
which can be excited under optical excitation for more than one hour and all the
experiments which will be presented have been carried out at the Kastler Brossel
Laboratory (LKB), Sorbonne University.

Here below are the main parts of this report :

• Chapter 1 : Reminder of the important theoretical notions for the optical and
quantum characterization of a single photon source.

• Chapter 2 : Quick review of the structure and optical characteristics of caesium
lead halide perovskites followed by a focusing on the perovskite NCs single
photon emitters behaviour.

• Chapter 3 : Explanation of the experimental setup and the methods used to
have access to the acquired information.

• Chapter 4 : Results and analysis of both optical and quantum properties of
the CsZnPbBr3 doped and CsZnPbBr3 − PEI NCs.

• Chapter 5 : Outlook and perspectives.

1Polyethylenimine (PEI) : Polymer with repeating unit of the amine group and two carbon
aliphatic CH2CH2 spacer
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Chapter 1

Single photon sources : theoretical
reminder

1.1 Single photon emitters

Single photon emitters (SPEs) are objects that emit no more than one photon at
each time.

Theoretically, the ideal single photon emitter is a two-level system : when it
is excited from the ground state to the excited state, it needs a certain amount of
time to relax again in the ground state while emitting a photon. Until this photon
is emitted, it is not possible to excite it anymore. In our case, we have a multiple
states system where carriers are excited out of resonance with an energetic light but
the same process as a two-level system occurs at the end.

Figure 1.1: Scheme of a quantum emitter excited by a resonant monochromatic
radiation. CB : Conduction band & VB : Valence band

Thus, the recombination of the excited carriers is divided into two parts : a
radiative recombination, when the photon is emitted, and a non-radiative recombi-
nation when the excess energy is converted into heat by the emitted phonon.

This leads to the fact that the emitted photon is usually at a different wavelength
than the excitation beam, allowing an easy way to separate photons by filtering the
light using spectral selective optical elements.
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1.2 Second-order autocorrelation function
In quantum optics, correlation functions are used to characterize the statistical and
coherence properties of an electromagnetic field.

The correlation between pairs of fields, g(2) (also called intensity-intensity corre-
lation), typically is used to find the statistical character of intensity fluctuations.

It is also used to differentiate between states of light that require a quantum
mechanical description and those for which classical fields are sufficient.

1.2.1 Classical fields
In the classical theory framework, the normalized intensity correlation function is
defined by [20] [9] :

g(2)(~r1, t1, ~r2, t2) =
〈E∗(~r1, t1)E∗(~r2, t2)E(~r1, t1)E(~r2, t2)〉〈

|E(~r1, t1)|2
〉 〈
|E(~r2, t2)|2

〉 (1.1)

With ~E : the electric field, ~ri : the position coordinates and ti : the times.

If ~E is a classical electric field, we have :

I(~r, t) = 2ε0c |E(~r, t)|2 (1.2)

With I : the light intensity and |E(~r, t)|2 = E∗(~r, t)E(~r, t).

Thus, for a plane parallel wave in a stationary state, the g(2) function will have
the following form :

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

(1.3)

With τ = t1 − t2 : the time delay between two photons arrival.

Properties :

1. g(2)(−τ) = g(2)(τ) : g(2) is an even function.

2. Allowed range of values (for both stationary and non stationary light beams)
: 1 ≤ g(2)(0) ≤ ∞.

Proof : Using the variance of the intensity (real number), we have :

〈I2(t)〉 − 〈I(t)〉2 =
〈
[I(t)− 〈I(t)〉]2

〉
≥ 0 (König-Huygens theorem)

⇔ 〈I(t)〉2 ≤ 〈I2(t)〉 (Cauchy-Schwarz inequality).

The second-order coherence for zero time delay satisfies : 1 ≤ g(2)(0).

As it is not possible to establish any upper limit, the complete range of allowed
value is given by : 1 ≤ g(2)(0) ≤ ∞.

Furthermore, as the intensity is positive, for nonzero time delays, we have :

∀τ 6= 0, 0 ≤ g(2)(τ) ≤ ∞.
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3. For classical fields (for both stationary and non stationary light beams), we
have : g(2)(τ) ≤ g(2)(0).

Proof : Using the Cauchy-Schwarz inequality to the intensities, we have :

[
∑

i 〈I(ti)〉 〈I(ti + τ)〉]2 ≤ [
∑

i 〈I2(ti)〉] [
∑

i 〈I2(ti + τ)〉] with i ∈ N∗.
For a sufficiently long and numerous series, the two summations on the right
hand are equal.

This latest assumption leads to :

〈I(t)I(t+ τ)〉 ≤ 〈I2(t)〉 ⇒ g(2)(τ) ≤ g(2)(0).

4. If intensities are independent, we have : limτ→∞ g
2(τ) = 1.

1.2.2 Quantum fields
The prediction of g(2) change when the classical fields are replaced with quantum
fields.

In the quantum theory framework, we have [20] [9] :{
E∗ → Ê−

E → Ê+
(1.4)

With Ê− = −i
√(

~ω
2ε0V

)
â†e−i(

~k·~r−ωt).

We will now assume stationary counting statistics. Thus, in this case, we have :

g(2)(τ) =

〈
â†(t)â†(t+ τ)â(t+ τ)â(t)

〉
〈â†(t)â(t)〉2

(1.5)

On one hand, for τ = 0, we have :

g(2)(0) =

〈
â†â†ââ

〉
〈â†â〉2

=

〈
(â†)2â2

〉
〈â†â〉2

(1.6)

This relation being the probability of detecting two simultaneous photons, normal-
ized by the probability of detecting two photons at once for a random photon source.

On the other hand, the variance of the photon number operator is defined by :〈
(∆n̂)2

〉
=
〈
n̂2
〉
− 〈n̂〉2 =

〈
(â†â)2

〉
−
〈
â†â
〉

(1.7)

Using the commutator operators relations1, we have :〈
(∆n̂)2

〉
=
〈
(â†)2â2

〉
+
〈
â†â
〉
−
〈
â†â
〉2

〈
(∆n̂)2

〉
− 〈n̂〉 =

〈
(â†)2â2

〉
−
〈
â†â
〉2 (1.8)

1We use both the commutation relation between the creation and annihilation operators and
the definition of the number operator given by these two ladder operators
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Thereby, we have :
〈(∆n̂)2〉 − 〈n̂〉

〈n̂〉2
= g(2)(0)− 1

g(2)(0) = 1 +
〈(∆n̂)2〉 − 〈n̂〉

〈n̂〉2
(1.9)

Finally, for any arbitrary state, we have :

g(2)(0) = 1 +
〈(∆n)2〉 − 〈n〉

〈n〉2
(1.10)

N.B : For more information about the semi-classical theory framework approach
of the g(2) function, see the reference [34].

Remark : We can also use the quantum theory of coherence [11] to express the
second-order autocorrelation function (using the density matrix operator).

Here below are the three distinguished light behaviour cases :

1) If limτ→∞ g
(2)(τ) = 1⇒ g(2)(0) > 1 : bunched light (for shorter time ranges,

higher probability to detect a second photon) ;

2) g(2)(0) = 1 : coherent light (for all time ranges, same probability to detect
a second photon) ;

3) g(2)(0) < 1 : antibunched light (for small time ranges, negligible probability
to detect a second photon).

N.B : For more information about the photon statistics, see the reference [9].

Experimentally, the value of g(2)(0) that is measured, concludes on the quality
of a single photon emitter. The smaller is the g(2)(0), the smaller is the probability
to have more than one photon emitted at each time.

In our case if we have g(2)(0) < 0.5, it means that we have a single photon
emitter.

1.3 Solid-state single photon emitters character-
istics

Solid-state SPE is an object of nanometric size made by semiconductor (SC) mate-
rials or that presents a semiconductor-like band diagram.

Different mechanisms can be present in a solid-state SPE that allow only a single
photon to be emitted at each time. The most important of them for colloidal QDs
is probably the Auger effect.
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1.3.1 Non radiative recombination

A non-radiative recombination allows the annihilation of an exciton2 without the
emission of photons. The most important processes among them are :

• Auger recombination ;

• Exciton-phonon interaction ;

• Charge trapping.

1) Auger recombination

As we can see in figure 1.2, an exciton recombines (on a SC or colloidal QDs) giving
to a carrier in the valence band (VB) its energy.

The excited carrier stays in the conduction band (CB) at a higher-level state
without being ionized.

Thus, the carrier can relax non radiatively to the ground state of the CB.
Finally, when there is one exciton on the CB, it relaxes radiatively with the

emission of one photon.

Figure 1.2: Auger recombination diagram [17]. CB : Conduction band & VB :
Valence band

Remark : The Auger recombination is usually a very efficient mechanism due
to the fact that until the Auger recombination is possible, it is predominant on the
radiative recombination.

2) Exciton-phonon interaction

We distinguish two different cases :

• Intraband relaxation : Fast process, order of 100 fs [37] in which emission
happens at the lowest energy and we can see one emission peak ;

• Interband relaxation: Spectrum broadening and creation of a non-radiative
relaxation channel.

2Neutral quasi-particle, formed by the bounding of an electron and hole corresponding to an
elementary excitation
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3) Charge trapping

Carriers can be trapped onto a defect of the lattice or at the surface on the NC.
A trapped state can least from tens of picoseconds up to several seconds and its

desexitation is usually non-radiative.

1.3.2 Blinking & bleaching
Emitter’s quantum efficiency can be determined by different phenomena such as
blinking and photobleaching [23].

1) Blinking

From what is reported in Park et al. (2015) [25], the blinking is the intermittency of
the luminescence intensity between a dark/gray and a bright state when charges are
trapped. In other words, it consists in strong fluctuations in the PL of a single emit-
ter under excitation : the emitter’s PL switches from “on” to “off” states (i.e from
bright to dark/gray states, respectively) on time scales spanning from microseconds
to hundreds of seconds.

Different analysis can be performed on blinking NCs [10] but here the most im-
portant one on which we will focus is the binning analysis.

Binning analysis :

We can perform a time correlated single photon measurement if photons arrive
using a single photon detector.

Thus, plotting a histogram giving the number of photon with respect to their
arrival times, we can analyse the distribution of the “on/off” states.

Figure 1.3: Blinking trace example. Each bin of the histogram reports the number
of photons (in yellow) arrived at the time delay δ. A threshold is then chosen and
the bin over the threshold is considered as an “on” state while the bin under it, is
considered as an “off” state [26]

More generally, different kinds of blinking correspond to different relaxation
mechanisms.

It has been shown that we can distinguish two types of blinking :

• Type A : The “on” to “off” switch happens when a carrier is moved to a trap
state : this trapping usually happens with thermal ionization or Auger-assisted
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photo-ionization. The opposite process, “off” to “on” switch, happens when the
carrier is released, typically with a relaxation process ;

• Type B : The intensity fluctuation is due to a fast trapping of high energy
electrons followed by a non-radiative recombination of the electron and the
hole.

Figure 1.4: Type A blinking mechanism : (a) “On” periods : neutral state & “off”
periods : negative charge excitation state; (b) PL decay of the "on/off" states on a
logarithmic scale; (c) Blinking behaviour between two separated states correspond-
ing to two different spots in the fluorescence lifetime intensity distribution (FLID)
image & (d) Flickering behaviour corresponding to a visible curve in the FLID image,
source : Galland et al. (2011) [10]

Figure 1.5: Type B blinking mechanism : “Off” periods due to the activation of
recombination centres (R) that capture hot electrons at a rate γD » γB : intraband
radiative rate (the ground and the excited electron states are shown as 1Se and 1Pe
respectively; 1Sh is the band-edge hole state), source : Galland et al. (2011) [10]
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Remarks :

â In order to have a good signal/noise (S/N) ratio, we can’t choose a small bin
size ;

â We cannot define a finite temporal resolution for the detector.

2) Bleaching

The photobleaching phenomenon caused by an irreversible process imply an effi-
ciency drop.

Bleaching often takes place at longer time scales than blinking.

Finally, we conclude this section adding the fact that for a single photon source,
we must suppress or reduce blinking and bleaching phenomena.

1.3.3 Hanbury-Brown & Twiss interferometer
The second-order autocorrelation function was conceptually introduced by the ex-
perimental work of Hanbury-Brown and Twiss in 1950, when they developed an
intensity interferometer to measure the angular diameter of stars [4].

As we can see in figure 1.6 a), a stream of photons arrive incidentally on a 50:50
beam splitter that equally divides it between the two outputs on the detectors D1
and D2. The resulting output beams are fed into an electronic unit (“counter/timer”)
which counts the number of pulses from each detector and records the time elapsed
between counts from D1 and D2 (see figure 1.6 b)).

Figure 1.6: a) Hanbury-Brown and Twiss (HBT) experiment b) Histogram showing
the number of events recorded in a particular time interval for a bunched photon
stream [9]

Knowing that the number of counts on a photon-counting detector is proportional
to the intensity, the second-order autocorrelation function defined by :

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

Can be written as :
g(2)(τ) =

〈n1(t)n2(t+ τ)〉
〈n1(t)〉 〈n2(t+ τ)〉

(1.11)
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Where n1(t) and n2(t) are respectively the number of counts on detectors D1 and
D2 at time t. As already mentioned previously, this quantity gives the conditional
probability of detecting a second photon at time t + τ , given the detection of a
photon at time t. By varying the time delay between the detection events, g(2)(τ)
can be measured.
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Chapter 2

Perovskite nanocrystals

2.1 Chemical composition & crystallographic struc-
ture

A perovskite is a material with a crystal structure like the mineral called perovskite,
which consists of calcium titanium oxide (CaTiO3) [39].

The general chemical formula for perovskite compounds is ABX3, where A (or-
ganic/inorganic) and B (metal) are two cations, often of different sizes, and X
(halide) is an anion that bonds to both cations. The A atoms are generally larger
than the B atoms. This mineral had the peculiarity, to present a particular cubic
structure.

Figure 2.1: ABX3 perovskite undistorted cubic structure. The red spheres are X
atoms, the blue spheres are B atoms, and the green spheres are the A, source :
Wikimedia Commons

Furthermore, perovskites undergo structural changes upon application of exter-
nal stimuli, such as temperature, pressure or applied electric field [3]. However,
perovskite NCs such as CsPbBr3 can behave as very efficient SPEs. Their emission
wavelength can be tuned, playing on their size and composition, together with their
coherent emission [36].

Using them, we can obtain single photon emission at low [30] [15] and room [25]
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temperatures.

Thus, as one of the most abundant structural families, the interest in perovskites,
originally studied for solar-cell applications [24], has increased in the quantum optics
community knowing that they are promising nano-objects for quantum applications
[2]. Moreover, they are easily synthesized by low-cost, well-mastered wet-chemistry
techniques.

Despite these facts, the main problem to tackle in this context is their photosta-
bility under optical excitation.

2.2 Electronic & optical properties

2.2.1 Band structure in perovskite nanocrystals

All CsPbX3 (X = Cl, Br, I) perovskites compounds have similar electronic prop-
erties and are characterized by a direct tuneable band gap [19] at the R point of the
band structure (see figure 2.2).

Figure 2.2: Band structure of CsPbBr3 perovskite with a band gap of 2.23 eV [33]
(T = 300 K) [1]. Inset : First Brillouin zone of a cubic crystal lattice

Furthermore, their PL is characterized by high QYs of 50-90 % and narrow
linewidths1 of 12-45 nm. Moreover, in order to investigate the size-dependent flu-
orescent colors of CsPbX3 perovskites, several attempts to reduce the perovskites
bulk size to the sub-micron scale have been performed [35] [6], until the synthesis
of NCs of sizes close to the exciton Bohr radius, corresponding to 7 nm in the case
of CsPbBr3 [29]. Reducing the dimension of these NCs, significantly changes their
electronic energy spectrum, resulting in a transition from continuous to discrete
energy levels and thus reaching the quantum-confined regime [13].

1Full width at half maximum (FWHM)
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This achievement allowed to explore their quantum properties [12], demonstrat-
ing an antibunching behaviour of their PL emission [25].

N.B : For more information about the electronic and optical properties, see the
references [22] [40].

2.2.2 Perovskite nanocrystals as single photon emitters

1) Photobleaching properties of perovskite nanocrystals

Perovskites NCs emitters like other kinds of QDs do bleach. They are degraded by
moisture and light as they have a higher surface/volume (S/V) ratio.

It has been observed, looking at the spectrum of the emitted light, that by
exciting perovskite NCs, their structure progressively degrades, starting from the
external layers.

This is due to the fact that, during the measurement, the emission light spec-
trum is blue shifted i.e crystals progressively become smaller with a decrease of the
emission wavelength (see figure 2.3). At the end, the emitters become completely
dark (i.e they bleached).

Figure 2.3: Blue shift of the emission wavelength of single perovskite NC. The green
trace shows the evolution of the emitted signal during time, source : Rainò et al.
(2019) [31]

2) Photon antibunching of pervoskite nanocrystals

Single photon emission from perovskite NCs has been reported firstly by Park et al.
in 2015 [25] with an experiment at room temperature. They describe single photon
emission from perovskite nanocubes made of CsPbBr3, CsPbI3 and CsPbBrxI(3−x).

The emission spectra reported in figure 2.4 (a) shows us that changing the com-
position of the perovskites, we can modify the emission wavelength, whereas in figure
2.4 (b), we can see that the autocorrelation function g(2)(0) = 0.05 of the emitted
light is very low and thus these NCs are very good SPEs.
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Figure 2.4: (a) Different emission spectra with different composition of perovskite
NCs (b) g(2)(τ) measurement of light emitted from a single perovskite NC, excited
with a pulsed laser [25]
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Chapter 3

Experimental setup & methods

3.1 Perovskite nanocube fabrication

In order to characterize CsZnPbBr3 doped and CsZnPbBr3 − PEI perovskite
NCs, samples were initially prepared by Emmanuel LHUILLIER at the INSP with
a concentration that depends on the type of measurement to be made.

As our final purpose is to couple a single emitter to a tapered optical nanofiber
to develop an integrated single photon source, we need to use a strongly diluted
sample. It is then crucial to investigate the behaviour of the emitters as a function
of the concentration.

In order to study the dilution effect on the perovskite NCs stability, we have to
carry out a dilution using toluene as solvent. For this reason, we prepared five sam-
ples using different dilutions starting from the most concentrated colloidal solution
(typically with a molar concentration between 1 µM -2 µM), up to a dilution of 1:50
and above (1:500).

Figure 3.1: Representations of toluene (semi-developed, 3D), source : Wikipedia
Commons

For each concentration, we deposited over glass coverslips (BK7, 180 nm thick),
a droplet of 20-30 µL of the colloidal solution with a pipette and used the spin-
coating, spreading homogeneously the thin film of the colloidal solution over the
coverslips due to centrifugal force. As there is a uniform evaporation of toluene
(high volatile component) due to the fast rotation of the spin-coater, it is removed
from the coverslips and only the NCs remain on their surfaces.
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Figure 3.2: Spin-coating processes, source : G. Amokrane et al. ScienceDirect, 2018

We started by analysing the highest concentration sample making sure that
we can individually target each emitter so that we could conduct a study on the
individual emitter.

Finally, we store the samples protected from light and moisture at room temper-
ature.

3.2 Fluorescence microscopy

We optically characterized the NCs using an inverted confocal microscope and per-
forming all the measurements at room temperature.

Figure 3.3: Inverted confocal microscope setup for the sample analysis. DM :
dichroic mirror. PBS : polarizing beam splitter, source : Pierini et al. (2020)
[27]

First of all, in this setup, the coverslips containing the samples are mounted on
a motorized stage (MadCityLabs) fixed on the inverted microscope (Nikon Eclipse
Ti). This stage allows an (xy) plane displacement such that the whole sample can
be investigated.

Furthermore, to obtain an increase of the collection of photons, 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. In our measurements, we used
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an oil objective with a numerical aperture NA = 1.4, a magnification of 100 × for
standard fluorescence and antibunching measurements.

Thus, the emitters can be excited with a LED or a pulsed laser (see figure 3.3)
depending on the measure that we wanted to do. The emission can be detected on
a camera or analyzed with a spectrometer.

Finally, we can perform a g(2) measurement with a HBT setup, with single mode
optical fibers connected to avalanche photodiodes (APDs).

3.2.1 Wide-field setup
Following the steps mentioned above, a non-collimated light-emitting diode (LED)
lamp at 400 nm is reflected by the first dichroic mirror (DM1, EDMUND) with a
cut-off at 432 nm and placed at an incident angle of 45° from the incoming LED light
which is focused by the objective lens to the sample (see figure 3.4a). After filtering
out the excitation with a 430 nm long-pass filter, the luminescence of perovskite
nanocubes collected by the objective lens can be sent to the high quantum-efficiency
CCD camera (HAMAMATSU ORCA Flash 4.0 LT) in order to locate the emitters,
collect an image of the field of view of the microscope (see figure 3.4b) and study
perovskite NCs photostability under illumination.

(a) Wide-field configuration setup [5]

(b) Multiple emitters on the di-
luted (1:200) CsZnPbBr3 doped
perovskite NCs sample (emitters are
the bright spots on the dark back-
ground)

Figure 3.4: Wide-field setup & overall emitters image

3.2.2 Confocal microscopy setup
The confocal microscopy is fundamental for isolating and detecting single emitters
without exciting simultaneously several emitters and collecting the light emitted
from the neighbours.

To study the fluorescence from different single NCs over a large area on the sub-
strate, the sample is scanned using the motorized stage previously mentioned. This
stage allows displacements with an accuracy of less than 1 µm, a repeatability of
less than 100 nm, a step resolution of 95 nm and a maximum speed of 2 mm.s−1.
The stage is positioned such that the single NC is at the center of the laser spot.
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Once the single emitter position is identified, we excite it with a 405 nm pi-
cosecond pulsed laser (pulse width < 50 ps), reflected by the second dichroic mirror
(DM2, SEMROCK) placed at an incident angle of 45° from the incoming laser light
which is focused by the objective lens to the sample, with a repetition rate of 2.5
MHz (see figure 3.5a).

After filtering out the excitation with a 430 nm long-pass filter, the collected
light can be imaged on the high quantum efficiency CCD camera (see figure 3.5b)
or collimated by a lens and sent to a spectrometer equipped with a similar high
quantum-efficiency CCD camera to verify the emitter stability taking a PL spectrum,
checking the presence of a single narrow peak (meaning that we don’t have a cluster
of emitters), then carrying a saturation measurement to determine the saturation
intensity or even using a flip mirror, sent to a pair of avalanche photodiodes (APDs,
EXCELITAS) in a Hanbury-Brown and Twiss (HBT) configuration. In this last case
a 50:50 beam splitter divides the PL in two arms and the PL is focused by means
of two lenses on the respective detectors.

(a) Confocal microscopy configuration setup.
SM fiber : Single-mode fiber [5]

(b) Single emitter on the
diluted (1:200) CsZnPbBr3
doped perovskite NCs sample
(emitter is the bright spot on
the dark background)

Figure 3.5: Confocal microscopy setup & single emitter image

3.3 Photobleaching
As we know, several studies presented lead halide perovskites NCs emission insta-
bility [14].

Here below are the two main analysis of photobleaching :

• Blue shift of the emission wavelength : In that type of characterization, each
sample is strongly illuminated with light from the laser while the spectrum
of the sample is recorded. Analysing each spectrum (taking one spectrum
every minute for one hour), we can estimate the blue shift of NCs emission
wavelength ;
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• Robustness of NCs : In that type of characterization, each sample is strongly
illuminated with light from the LED lamp (full irradiance 25 W) while a video
of the sample emission is recorded. Analysing each frame of the video (taking
one picture1 every minute for one hour), we can estimate the number of NCs
that are still emitting from the first frame.

3.4 Photon antibunching

To characterize the quantum emission and verify if our NCs can be used as SPEs,
we measured the autocorrelation function g(2)(0) using a Hanbury-Brown and Twiss
(HBT) setup (grey dashed line setup in figure 3.6).

Figure 3.6: HBT setup. BS : Beam splitter, source : Pierini et al. (2020) [27]

As we have already mentioned on section 1.3.3, experimentally the beam is di-
vided in two parts by a 50:50 beam splitter and even if to perform correct mea-
surements of g(2)(0), we can use a photon-resolved single photon detector, here the
two beams are sent to two different avalanche-photodiodes (APDs) through single
mode fibers. We record the arrival times with the time tagged time-resolved (TTTR)
method [38] (Picoquant PicoHarp 300 TCSPC card used, together with a Picoquant
PHR 800 router) using the TCSPC technique (see section 3.4.1 below).

Finally, we create a histogram of the relative arrival times of the photons with a
time bin. The histogram is thus normalized by setting the mean height of the peaks.
This procedure is well-established and documented in the literature [32] [21].

3.4.1 Time-correlated single photon counting

We use a time-correlated single photon counting (TCSPC) system to efficiently
measure the arrival times of fluorescence photons. In our case, as mentionned above,
the electronic system consists of a PicoHarp 300 acquisition card together with the
PHR 800 4-channel detector router form PicoQuant.

The measurements that we carried out with this technique allow us to derive
several quantities of interest : the correlation function of the signal at short time
delays, the PL decay and the PL as a function of time.

11 picture = 3 frames
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1) Correlation function

By measuring the temporal correlation between the events given by the detection
of a photon, we can reconstruct 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.

Thus, a histogram of the number of “start-stop” coincidences with respect to the
time interval between detection events is build, dividing the entire range of time val-
ues into series of intervals of a certain temporal width, called bin time, and counting
the number of events detected during a given bin time. This histogram reproduces,
at small delays, the second-order autocorrelation function g(2)(τ) of the intensity. If
the autocorrelation function displays an antibunching behaviour, we know that we
are studying a single emitter.

Remark : To correlate each photon arrival time with the next one, we need to
use the HBT configuration, knowing that we cannot evaluate the photon statistics
of a quantum state of light with only one detector.

2) PL decay & trace

In this case, a synchronization signal (SYNC) is set on the laser, used as a reference
(see figure 3.7).

Thus, the excitation laser triggers a timer, which is stopped with the detection
of a fluorescence photon. This time delay between the excitation of the NC and the
emission of a photon is called microtime t.

Furthermore, for each pulse, the absolute arrival time with respect to the begin-
ning of the experiment is recorded. This time between the beginning of two pulses
is called macrotime T.

Each recorded pulse is labelled with a specific microtime t and macrotime T
with the pulse generated APD channel.

Figure 3.7: Scheme of the PL data acquisition, source : PicoQuant

Finally, we get the PL decay by plotting the histogram of the microtime, with
a bin width being a multiple of the resolution (e.g 512 ps) whereas the PL trace 2 by
plotting the histogram of the macrotime counting the number of photons detected

2PL trace = Intensity (counts/10ms) as a function of time

26



during a given bin time (this bin time should be both short and long in order to
observe fast intensity fluctuations and avoid noise, respectively, e.g 50 ms).

Remark : As we have different background sources of noise in our set-up, such
as room light, reflected excitation light and dark counts of the APDs, they affect the
g(2) value that we get from TCSPC measurements. For that reason, it is necessary
to clean the g(2) histogram from them. The method used here to correctly perform
the g(2) measurement is explained in Annex A.

27



Chapter 4

Results & analysis

4.1 Perovskite emission spectra

A typical emission spectrum of the CsZnPbBr3 doped and the CsZnPbBr3−PEI
single NCs are shown in figure 4.1.

(a) CsZnPbBr3 doped single NC spec-
trum

(b) CsZnPbBr3 − PEI single NC spec-
trum

Figure 4.1: Typical emission spectra of single perovskite NCs

They are characterized by a wavelength of 517 nm and 511 nm respectively with
a FWHM for both perovskites of about 14-15 nm.

These associated emission wavelength shows us that comparing with the work
carried by Kovalenko et al. (2017), where the perovskite emission wavelength was
about 520 nm and the mean FWHM about 20 nm for the bulk perovskite [18], that
in our case, we have a confined emission.

4.2 Saturation measurement

The saturation is a typical effect in deterministic SPEs regarding the emitted inten-
sity that says that at a certain point, due to the Auger recombination, exciting the
perovskite NCs with a higher intensity would not imply a higher emission number
of photons.
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In our case of not-so-efficient Auger effect, the emitted intensity as a function of
the excitation intensity is described by the below equation :

PPL(I) = Psat(1− e−
I

Isat ) +BI (4.1)

The first term of the sum represents the saturating part that is due to the single
exciton component whereas the second term is due to the biexciton1 emission.

For each emitter that we studied in the case of CsZnPbBr3−PEI perovskites,
we measured the emitted intensity as a function of the excitation power, subtracting
the background from the experimental data.

Figure 4.2: Example of a saturation measurement of a single NC (Psat = 50 nW) :
The blue dots are the experimental data while the red curve is the fitted function
from equation 4.1

We observed a saturation value Psat of 50 nW which will be the reference for
the different emitter’s characterization. But, this saturation curve must be com-
pleted with more experimental values, in order to conclude on the presence or not
of multiexcitons.

1Biexciton : In condensed matter physics, biexcitons are created from two free excitons
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4.3 Photobleaching characterization

4.3.1 Blue shift of the emission wavelength

As we have already mentioned, the emission instability of perovskite NCs is a critical
challenge and the subject of several research [14]. One way to study the photosta-
bility of the NCs is to see their emission wavelength shift behaviour as a function of
time.

(a) CsZnPbBr3 doped single NC blue
shift

(b) CsZnPbBr3 − PEI single NC blue
shift

Figure 4.3: Normalized evolution of the emission wavelength at saturation intensity.
The normalization is set to the maximum intensity

A blue shift of the emission wavelength about 4-5 nm after one hour is observed
in the case of the CsZnPbBr3 doped NCs whereas there is no blue shift in the
case of the CsZnPbBr3 − PEI NCs. The observed spectral drift in the case of the
CsZnPbBr3 doped NCs is attributed, to the degradation of the NCs, resulting in a
reduction of their sizes.

In other words, we obtain a photostability improvement using our CsZnPbBr3−
PEI NCs but also the CsZnPbBr3 doped NCs under illumination with strongly
reduced bleaching effects compare to the previous works present in literature.

4.3.2 Robustness of nanocrystals

The other way to study the photostability of perovskite NCs is to count the number
of NCs as a function of time which qualify the robustness of the NCs.

Moreover, as we wanted to couple single emitters to a tapered optical nanofiber,
we also studied the emitters stability behaviour varying the concentration of our
CsZnPbBr3 doped and CsZnPbBr3 − PEI2 using the approach of Raino et al.

2Perovskite emitters with a polymer is not the best suitable option for photonic applications
that need single nano-objects to be precisely positioned as the presence of polymer, takes place,
perturbing the near field
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(2019) with colloidal solutions [31], in order to see in this latest case, if there is a
particular effect adding PEI to the CsZnPbBr3 doped NCs.

Finally, the measurements were taken using the photobleaching setup of the NCs
robustness characterization (see section 3.3).

(a) CsZnPbBr3 NCs robustness
(b) CsZnPbBr3−PEI NCs robust-
ness

Figure 4.4: Perovskite NCs emitting after a certain time under strong illumination
with respect to the initial solution dilution (1:X means X times diluted)

Comparing, with the results present in the literature, we can clearly see that in
the case of CsZnPbBr3 doped NCs, both the low diluted sample (1:10 solution) and
the high diluted samples (dilutions from 1:25 to 1:200) have a high photostability
with more than half of the emitters still working after 10 min (and even more) for
dilutions 1:10 to 1:50 (see figure 4.4 (a)).

Now, if we compare, the percentage of NCs emitting after a certain time under
strong illumination as a function of the time between CsZnPbBr3 doped NCs and
CsZnPbBr3−PEI NCs, we can see that for the same dilution ratio we can’t com-
pare the robustness between these two NCs samples with respect to time due to
the fact that it is more appropriate to study it for the same concentration (i.e same
number of NCs on the same fixed volume in µm2) between both samples.

Finally, we can conclude this section that we generally see that the dilution
process leads to poorly passivated NCs which can easily bleach.

4.4 Emission lifetime
As we discuss in section 1.3.2, the emitted intensity of a NC is not constant in time
but tends to fluctuate : phenomenon known as blinking.

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.

Even if we don’t study this case, here we will just present the lifetime behaviour
of the CsZnPbBr3 − PEI perovskite NCs.
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The measure of the decay rate associated to the emission through lifetime mea-
surement corresponding to the spontaneous emission of the emitter is defined by
:

τr =
1

γr
(4.2)

With γr : the radiative decay rate and τr : the emission lifetime.

It can be measured using a TCSPC measurement.
If multiple emission states are present, multiple lifetimes are measured and are

defined as :

I =
∑
i

Aie
− t
τi (4.3)

With i : the radiative states.

Figure 4.5: Example of a CsZnPbBr3 − PEI single NC lifetime decay without fit

To perform more quantitative analysis, we fit the lifetime histogram of our
CsZnPbBr3 − PEI with a triple-exponential decay model :

A1e
− t−t0

τ1 + A2e
− t−t0

τ2 + A3e
− t−t0

τ3 +B (4.4)

With three different lifetimes, τ1, τ2, and τ3, corresponding to neutral, charged,
and biexciton state emission, respectively. t0 represents the pulse arrival time, while
Ai, i ∈ N∗ are the amplitudes of each decay component and B is an offset added to
consider the dark counts.
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Figure 4.6: Example of a CsZnPbBr3−PEI single NC lifetime, fitted with a triple
exponential decay model

We observe that the experimental data satisfy the fitting and obtain 4 ns, 20
ns, and 40 ns for the lifetimes of the neutral, charged and biexciton emission states,
respectively.

4.5 g(2) measurement

For each CsZnPbBr3−PEI emitter, we measured the second-order autocorrelation
function g(2)(0) using the Hanbury-Brown and Twiss setup and recording the data
with the TTTR method using the TCSPC technique previously mentioned.

Figure 4.7: Example of g(2)(τ) function of a single CsZnPbBr3 − PEI perovskite
NC emitting high single photons, measured with a repetition rate of 2.5 MHz

The autocorrelation function peaks close to the 0 delay peak are higher than 1
which is due to the blinking.
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Furthermore, a value of g(2)(τ = 0) = 0.14 delay is obtained at saturation inten-
sity.

We can conclude that this value being well below 0.5 shows experimentally the
clear signature of a single photon emission.
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Chapter 5

Outlook & perspectives

In this Master 1 internship report, we presented the optical and quantum properties
of highly photostable CsZnPbBr3 doped and CsZnPbBr3 − PEI perovskite NCs.

Perovskite NCs have shown to be high quality emitters, with a narrow peak
emission at room temperature and easy fabrication method. But their photostability
is the main problem. In recent years there has been a development of the synthesis
method of CsPbBr3 perovskites in order to tackle this issue.

The study of Pierini et al. (2020) using CsPbBr3 perovskite NCs [27], has shown
that one of the factors is the role of the ligands which is not completely understood
and the dilution of the studied pervoskite colloidal solution.

Thus, we have carried out the study of the CsZnPbBr3 doped and CsZnPbBr3−
PEI perovskite NCs in order to have a better understanding of the ligands and di-
lution issues present in the literature.

We have seen that the CsZnPbBr3 doped and CsZnPbBr3 − PEI perovskite
NCs emitters exhibit a remarkable stability of about two orders of magnitude better
than the previously reported results in literature.

Furthermore, we have studied the lifetime behaviour of the CsZnPbBr3 − PEI
perovskite NCs.

Moreover, we have demonstrated the single photon behaviour in CsZnPbBr3 −
PEI perovskite NCs.

Finally, further perspectives will be the study of the second-order autocorre-
lation function of CsZnPbBr3 doped perovskite NCs, the robustness compari-
son for a same concentration and fixed volume of both CsZnPbBr3 doped and
CsZnPbBr3 − PEI perovskite NCs and then the coupling of a single CsZnPbBr3
doped perovskite NCs with a high dilution ratio to a nanofiber carrying the same op-
tical and quantum characterization studies in order to realize a compact, integrated,
hybrid single photon devices at room temperature [7] [28] [27].
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Appendix A

Noise cleaning on g(2)(τ )
measurements

To correctly perform the g(2)(τ) measurement, we need to made some considerations
on the coincidences counting method. We callM(τ) the number of counts measured
at a given time delay τ .

Each count can be generated either by a start from the signal or from the back-
ground and by a stop from the signal or from the 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 b(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 ′ = M
C
. We consider τb in between two consecutive peaks, we know

that there is no signal there and s(τb) = 0.

M ′(τb) = b2(τ) (A.2)

To find Mc(τ) = Cs2(τ), we solve the system given by equations A.1 and A.2
and we find that :

Mc(τ) = M(τ) +M(τb)− 2
√
M(τ)

√
M(τb) (A.3)

Using this formula, we obtained the g(2)(τ) histogram cleaned from the back-
ground counts.
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