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Preface

Quantum dots (QDs) are semiconductor nanoparticles with numerous unique
properties and appealing characteristics, such as size-dependent emission
wavelength, narrow emission peak, and broad excitation range. A QD is an artificial
molecule with energy gap and energy level spacing dependent on its size (radius)
with an ability to confine electrons (quantum confinement). When the size of a QD
approaches the size of the material’s exciton Bohr radius, the quantum confinement
effect becomes prominent and the electron energy levels can no longer be treated

as a continuous band; they must be treated as discrete energy levels. It is possible

to achieve highly tunable electrical and optical properties by adjusting the shape,
the size, and the composition of a QD, and in doing so, facilitating the use of QDs
in a broad range of applications. This book discusses a few theoretical aspects and
applications of QDs. The first section substantiates new opportunities to use QDs in
the developments and the study of both fundamental theories and applied physics.
Precisely controlling the size, shape, emission of color, and band gap of QDs allows
for their use in different applications from energy harvesting to biomedicine. The
physical and chemical phenomenon of QDs can be explained through a theoretical
model using quantum confinement behavior.

The second section discusses the potentials of QDs in biological imaging. It provides
a comprehensive overview of QD applications in tumor targeting and cancer
imaging. QDs attract great attention as contrast and therapeutic agents, owing to
their unique properties of good light stability, low toxicity, and strong fluorescence
intensity, and the ability to change emission wavelength with their size.

As the editor of this book, I would like to thank all the authors for their
contributions and efforts in bringing up-to-date research and high-quality work to
this volume.

Lastly, I gratefully acknowledge the IntechOpen publishing team for their support
during the preparation of the book.

Dr. Faten Divsar
Payame Noor University,
Tehran, Iran
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Chapter1

Introductory Chapter: Quantum
Dots

Faten Divsar

1. Introduction

Quantum dots are small regions defined in the semiconductor materials with the
same size of the distance in an electron-hole pair [1]. The physics of quantum dots
has been a very active and fruitful research topic. Their unique optical, photochemi-
cal, semiconductor, and catalytic properties are due to the quantum confinement.
To date, chemistry, physics, and materials science have provided methods for the
production of quantum dots and allow tighter control of factors affecting, for
example, particle growth and size, solubility and emission properties. This book
deals with the electronic and optical properties of quantum dots as an artificially
fabricated device. These dots have proven to be useful systems to study a wide range
of physical phenomena. These characteristics provide the potential applications of
quantum dots in photovoltaic and laser devices, thin-film transistors, light-emitting
diodes, and luminescent labels in biology and medicine. Some of these applications
are discussed in separate sections in this book.

2. What are quantum dots?

Quantum dots are colloidal fluorescent semiconductor nanoscale crystals
that were firstly produced in the early 1980s [2]. These artificial semiconductor
nanoparticles typically have unique optical, electronic, and photophysical proper-
ties that make them appealing in promising applications in fluorescent biological
labeling, imaging, solar cells, composites and detection and as efficient fluores-
cence resonance energy transfer donors [3]. Sufficiently miniaturized semicon-
ductor particles show quantum confinement effects, which limit the energies at
which electron hole pairs are present in the particles. Based on the relationship
between the energy and wavelength of light (or color), the optical properties

Btuehht‘ ' ‘ . .
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Figure 1.

Conversion of the light spectrum into different colors depends on the quantum dot size (image: RNGS Reuters/
Nanosys).
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of the particle can be delicately varied depending on its size. Therefore, only
by controlling the size of quantum dots, various particles with different colors
can be produced to emit or absorb specific wavelengths of light [4]. As shown in
Figure 1, different sized quantum dots emit different color light due to quantum
confinement.

The physics of quantum dots counterpart with a lot of the behaviors that natu-
rally occurring in atomic and nuclear physics of the quantum system.

3. Quantum size effects

In quantum dots, the size of particle is smaller than the Bohr radius of the
electron-hole pair distance, excitons, leading to quantum confinement. During this
state, the energy levels become discrete and can be predicted by the particle in a box
model. The possible discrete energy levels of the electrons in such quantum dots
depend on their size and accordingly to their bands gap [5]. As well, optical proper-
ties of quantum dots with sizes smaller than the de Broglie wavelength naturally
depend on their electrical properties.

As shown in Figure 2, quantum dots as excellent luminescent materials show
broad excitation range with narrow and symmetric emission spectra after excita-
tion. Their emissions are typically much narrower than emissions of common
fluorophores or organic dye molecules. In fact, the absorption of the wavelength
of light with the energy equal to the band gap energy promotes the electron from
the valence band to the conduction band. Afterward, the exited electron relaxes
directly from the conduction band to the valence band the and emits a photon [6].

Quantum dots are becoming, nowadays, one of the fast growing and most
exciting research subjects. The unique physical and optical properties of quantum
dots have made them attractive tools and vectors for research in molecular biology,
material science, chemical analysis, etc.

Nowadays, nanocrystals are usually prepared with atoms from groups II-VI,
III-V, or IV-VI in the periodic table and eventually become many different types of
quantum dots (Table1).

The quantum dots can also be created by combining these systems such as
GaAs-ZnS, GaAs-ZnTe, InP-ZnS, InP-ZnSe, and InP-CdS [10].

Increasing the size of quantum dots

W

Momitakzed Flugrescance (a.u.)

400 500 &00 FOo 200
Visavelenath (nmd

Figure 2.
Sige-dependent fluorescence spectra of quantum dots.
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Type Quantum dots
IB-VI Ag,S, ZnAgS, CuS, CulnS,, CulnSe,
1IB-VI CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, HgS, HgSe, HgTe
IIIA-V GaAs, InGaAs, InP, InAs, InGaN
IVVI PbSe, PbS
v G, Si, Ge
Table 1.

Summary of different types of quantum dots [7-9].

4. Optical properties

Particle size is one of the most important aspects that can affect the optical
properties of quantum dots. Of course, various other factors such as the shape
and composition of quantum dots, as well as the methods and materials used in
the synthesis of these particles also affect the optical properties and frequency
of fluorescent light emitted or absorbed by these nanocrystals [11]. Therefore,
by manipulating each of the effective factors, special quantum dots with specific
properties can be prepared for different purposes.

5. Fabrication

Generally, there are two methods to synthesize nanomaterials including
quantum dots, top-down and bottom-up (Figure 3). In the top-down synthesis
approach, the bulk material is transferred to nanometer size using an electron beam
or high-energy ions. The methods that fall into this category are electron beam
lithography, reactive ion etching, focused beam lithography, and dip pen lithog-
raphy [12]. However, these methods have limitations and disadvantages such as
structural defects in the patterning and impurities in the quantum dots synthesized
[13]. In the bottom-up methods, atoms or molecules are assembled step by step to
produce nanomaterials. These synthesis approaches are highly diverse and generally

Synthesis of
nanomaterials

Top-down Bottom- up

|
Lithography l I
Etching Chemical Physical Biological
Pyrolysis methods methods methods
Milling
Laser Ablation
sputtering

Figure 3.
Various methods for the synthesis of nanomaterials.
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can be categorized as chemical, physical, and biological methods. The common
bottom-up methods are derived from the development of atom or molecular self-
assembly such as chemical reduction method, electrochemical method, microemul-
sion method, and physical/chemical vapor deposition techniques [14]. The main
advantage of bottom-up approach is that they can generally synthesize homogenous
nanostructures with perfect crystallographic and surface structures.

6. Potential applications

The unique optical and electrical properties of the quantum dots make them
favorable for multitasking purposes. These particles emit light in visible and
near-infrared region. Quantum dots are applied in electronics devices such as
single electron transistors or micro-LED array, in energy applications as solar cells,
photovoltaic devices, or light-emitting diodes [15]. In addition, they are also used
in biological and medical sciences for imaging, labeling, detecting, and sensing.
Quantum dots synthesized in organic solvents are insoluble in water. However,
functionalizing the quantum dots with either hydrophilic functional groups,
ligands, or by capping, organic coating can be used to transform them to aqueous
soluble quantum dots. In biological applications, DNA oligonucleotide, aptamer,
or antibody are grafted on quantum dots through thiol, amine, or carboxyl groups
giving cross linking with molecules. Functionalized quantum dots are used for cell
targeting, cell labeling, and drug delivery and in imaging. The advantages of quan-
tum dots with respect to organic dye molecules are their high brightness, stability,
and quantum efficiency [16, 17].

Author details
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Chapter2

Quantum Confinement Effect of
2D Nanomaterials

Gopal Ramalingam, Poopathy Kathirgamanathan,
Ganesan Ravi, Thangavel Elangovan, Bojarajan Arjun kumar,
Nadarajah Manivannan and Kaviyarasu Kasinathan

Abstract

Quantum confinement is the spatial confinement of electron-hole pairs (excitons) in
one or more dimensions within a material, and also electronic energy levels are discrete.
It is due to the confinement of the electronic wave function to the physical dimensions of
the particles. In this effect can be divided into three ways, 1D confinement (free carrier
inaplane), quantum wells; 2D confinement (carriers are free to move down), quantum
wire; and 3D confinement (carriers are confined in all directions), which are discussed
in detail. In addition the formation mechanism of exciton and quantum confinement
behavior of strong, moderate, and weak confinement have been discussed below.

Keywords: quantum dots, energy level, exciton, confinement, Bohr radius

1. Introduction of quantum confinement

The term “quantum confinement” mainly deals with energy of confined elec-
trons (electrons or electron hole). The energy levels of electrons will not remain
continuous as in the case of bulk materials compared to the nanocrystals. Moreover,
obtaining the confined electron wave functions, they become a discrete set of energy
levels as shown in Figure 1. Such kinds of effects appear when the dimensions of the
potential approach near to de Broglie wavelength of electrons resulting in the changes
or discrete levels of energy. The effects are defined as quantum confinement and
consequently, for nanocrystals, are often called quantum dots (QDs). Furthermore,
this quantum dot effect has an influence in the nanomaterial properties such as elec-
trical, optical, as well as mechanical behavior of the material. It is due to its peculiar
nature why nanomaterials possess higher energy electrons than the bulk materials.
Depending on the QD size, confined electrons have higher energy than the electrons
in bulk materials. The semiconductor nanomaterials exhibit fascinating properties
when reducing their dimensionality from 2D to 1D or 1D to OD. Perhaps, the quan-
tum confinement effect occurs when reducing the size and shape of nanomaterials
less than 100-10 nm or even lesser. These changes due to the discrete set of electron
energy levels lead to size confinement [1-3] (Figures1 and 2).

In order to understand to know more about quantum confinement, it is neces-
sary to understand the phenomenon of quantum dots (QDs). QDs are the new class
of materials in which quantum confinement effects can be evident. QDs are very
tiny semiconductor crystals in the order of nanometer size, and also molecules are
tightly confined electrons or electron-hole pairs called “excitons” (explained in

1 IntechOpen
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Figure 1.
Schematic diagram showing energy band structuves in atom, bulk semiconductoy, and quantum nanostructure.
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Figure 2.
Schematic diagram showing energy band structures in atom, bulk material, and quantum nanostructure.

the next section) in all three dimensions. QDs are a subatomic group in the fam-
ily of nanomaterials, which comprises metals, insulators, semiconductors, and
organic materials. It’s well-known that the quantum confinement occurs only in
semiconductor quantum dots because of their tunable bandgap nature than the zero
bandgap in metals respectively. As mentioned before the peculiar tunable band gap
properties QD are composed only of group II-VI-, III-V-, and IV-VI-based materi-
als. The optical, electrical, and bandgap properties are tunable with respect to
changes in particle size that lead to different multiple applications.

The main discussion is that, how bandgap can be tuned with respect to size? For
that we need to understand the formation of discrete energy levels and the forma-
tion of excitons.

2. Formation of discrete energy level

To understand or recall the formation of discrete energy level, when atoms
are brought together in a bulk material, the number of energy states increases

12
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substantially to form nearly continuous bands of states. And also decreasing trend
occurred in the amount of atoms in the material, and energy states were delocalized
with confinement nature. The phenomena create electron-hole pairs and spatially
confined nature when the particles move toward the natural de-Broglie wavelength
of electrons in the conduction band. As a result the energy difference between
energy bands is increased with decreasing particle size dimension as shown in
Figure 3.

Particle behaves like a free particle when the dimensions of the confining
structure are very large in comparison to the de Broglie wavelength. On this stage,
the energy states are continuous, and the bandgap comes to its original position,
and another energy spectrum does not remain continuous and becomes discrete in
nature when the dimensions of confining structure is decreased toward nanoscale.
Therefore, the bandgap exhibits size-dependent properties and eventually causes a
blue shift in the emitted light as the particle’s size is decreased. However, this effect
demonstrates the consequences of confining the electrons and electron-hole pair

©)
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l
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Figure 3.
Schematic diagram for the formation of discrete energy levels.
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Figure 4.
Schematic vepresentation of quantum confinement in all three directions.
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(or the excitons) within a dimension which approaches the critical quantum limit,
often termed as the Bohr exciton radius.

In this view, a quantum dot confines in all the three dimensions; a quantum
wire (nanowire) confines in two dimensions; and a quantum well confines only in
one dimension. The corresponding structures are also termed as zero-dimensional
(OD), one-dimensional (1D), and two-dimensional (2D) potential wells, respec-
tively, with regard to the number of dimensions in which the confined particle has
freedom of movement. Figure 4 shows the overview of quantum confinement in
nanostructures.

* Electrons confined in one direction, i.e., quantum wells (thin films):
Electrons can easily move in two dimensions (2D), so one dimensional is
quantized.

* Electrons confined in two directions, i.e., quantum wires: Electrons can easily
move in one dimension (1D), so two dimensional is quantized.

* Electrons confined in three directions, i.e., quantum dots: Electrons can easily
move in zero dimension (0D), so three dimensional is quantized.

In conclusion, each confinement direction changes a continuous k component to
a discrete component characterized by a quantum number 7.

3. Formation of excitons

It is very important and necessary to understand the concept of excitons as it is
the primary step to understand QDs and quantum confinement in semiconductors.
In the case of semiconductor, electrons were shifted from valence band to conduc-
tion band when emitting light falling on it, and consequently recombination effect
imposes or creates the photon particle. The electron and hole were occupied or
created from conduction band and valence band, respectively. However, the charge
of hole is equivalent to the electron charge which is helping the implementation
of one particle named as excitation. In the abovementioned charges and coulomb
exchange interaction, there is an attractive connection between the electron and
the hole. Such kind of electron-hole pair is sometimes expressed in a simple term as
quasiparticle which is named exciton. It is an electrically neutral quasiparticle that
occurs in insulators, semiconductors, and some liquids.

In solid-state physics, the bandgap/energy bandgap is separated between the
finite energy level of conduction and valence band. When an electron from the
valence band attains sufficient energy to overcome the energy gap, due to thermal
excitation or absorption of a photon, and its goes to the conduction band, a hole is
created on the left behind on the valence band. The created hole is moving to con-
duction band; this is formed as an excited electron; the charge carrier in semicon-
ductor device recombines with the hole after the release of energy. The combination
between the electron and hole pair combination leads to the formation of excitons.

Because of the different polarity charges and the coulomb force exchange inter-
action, there is an attractive connection between the electron and the hole, and by a
simple way, the electron-hole pair is called as a quasiparticle which is named exciton.
Due to combination of electron and hole, the resulting neutral quasiparticle nature
exits into different material natures like semiconductor, insulator, and some liquids.
Furthermore this exciton transports the energy without compromising net electric
charge as per condensed matter theory.

14
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However, there is a major difference. Excitons have an average physical separa-
tion between the electron and hole, referred to as the exciton Bohr radius. This phys-
ical distance is different in each material. In the case of semiconductor nanocrystal
(SNC) (QDs), the size of the particles is lesser than the Bohr radius; the electron
excited by an external energy source tends to form a weak bond with its hole. This
bound state of electron and electron hole, which are attracted by the electrostatic
coulomb force, is often called an exciton which is shown in Figure 5A, B.

Thus, the Bohr radius is the distance in an electron-hole exciton, also called the
exciton Bohr radius [4]. Every semiconductor material has a characteristic exciton
Bohr radius (Figure 5C, D) in which the quantum confinement effect is realized.
This unique confinement property causes the “band” of energies to turn into
discrete energy levels in QDs (Figure 6).

3.1 Excitons

In general the quantum mechanical behavior of semiconductor particle, let
us consider the materials in an electron which is stimulated from valence band to
conduction band (Figure7).

The valance band left behind electron is a ‘hole}, which can be thought of as a par-
ticle with its own charge (+1) and effective mass. The bound states of electron and hole
are considered to be quasiparticles known or called as “exciton.” Electron-hole pair
formation is due to coulombic attraction. The exciton can be considered as a hydrogen-
like system, and the exciton radius is easily compared with Bohr radius approximation
which is used to calculate the spatial separation of the electron-hole pair:

Actual excilon bohr radius
(A) (B)

‘ﬁﬁ*ﬁﬁ f,_\
‘: h* -
| o ® |
| i | '

e

] i —

P-I'tk:lﬂ size axitan Bobhr rediua i

Particla size

Figure 5.
(A) Formation of excitons. (B) Comparison of exciton radius and QD size.

15



Quantum Dots - Fundamental and Applications

S OICOIC O
) \_JI | |

Eg
I N
Figure 6.

Quantum confinement in semiconductor crystal.

VB

¢ Conduction band

l Luminescence

h*Valence band

Figure7.
Energy-level diagram showing promotion of an electron from valence band to the conduction band leaving a
hole behind.

eh’
7= p— (1)
where 7 is the radius of a three-dimensional sphere containing excitation, , is
the reduced mass of the excitation, ¢ is the dielectric constant of the given material,
e is the charge of the electron, and / is Planck’s constant. Ion cyclotron resonance is
a powerful technique to find the effective mass of the hole and electron with a range
of 0.1-3 m, (m, is the mass of the electron). Furthermore, the empirical radius and
mass calculation suggest that the electron-hole pair spatial separation is around
about 1-10 nm for most of the semiconductors.

4. Quantum confinement effect

In literature, semiconductor quantum dots are also known as semiconductor
nanocrystals or nanoparticles. A semiconductor nanocrystal (SNC) or quantum
dot (QD) is a semiconductor whose excitons are confined in all three spatial dimen-
sions. As a result, they have properties that are between bulk semiconductors and
those of discrete molecules. Size effects are observed in semiconductor crystals
measuring 10-100 nm, whereas quantum size effects are usually the characteristics
of nanocrystallites measuring less than 10 nm. The physicochemical properties
of nanocrystalline particles are different from those of the bulk materials for two
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specific reasons. First, the high surface-to-volume ratio results in many atoms at
the surface of the crystalline lattice. Second, the electronic bands are split up into
discrete energy levels as the result of three-dimensional confinement of the charge
carriers that occurs. This leads to quantum confinement of charge results in the
increased bandgap with decreasing particle size.

The quantum confinement effect in low-dimensional semiconductor systems
was described about 25 years ago. The bulk crystalline structure is preserved in a
nanocrystal. However, due to quantum confinement, nanocrystals have molecule-
like discrete electronic states which exhibit strong and size-dependent properties.
In the last decade, comprehensive investigations were made to explore size-depen-
dent properties of semiconductors with emphasis on optical properties, including
absorption and luminescence.

Detail knowledge of the optical properties of the nanostructured materials
is important for understanding the photophysical and photochemical process
that follows the absorption of light quanta. Bawendi et al. [5] used quantum
mechanical molecular orbital calculations to explain quantum confinement effect
on optical absorption, accounting the well-established blue shift in the absorp-
tion spectra with decreasing particle size. Bawendi et al. [6, 7] has also provided
arecent overview of this field. As discussed previous the spectral shifts during
the early stages of inorganic semiconductor particle growth, molecular orbital
(MO), and linear combination of atomic orbital coupled with molecular orbital
(LCAO-MO) procedures provide information for the construction of energy
level diagrams for clusters of several molecules up to size characteristic of bulk
semiconductor.

Addition of the filled and empty orbitals of the multiple energy levels can
increase the molecules level in a cluster. A decreasing trend in energy differences
between the not only filled orbitals and as well as empty orbitals too. Also, a
decreasing trend into the energy gap was observed between the highest occu-
pied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO). For a bulk semiconductor, the filled and empty states form separated
continuums, i.e., the valence and conduction bands. However, for quantum dot
(Q-size) regime region, energy levels were within the empty and filled states and
remain discrete, and the bandgap energy levels were in higher states between the
HOMO and the LUMO than that of the bulk materials as shown in the schematic
diagram (Figure 8).

The bandgap, E,, increases in magnitude as the semiconductor particle radius
decreases in size to the point where it becomes comparable or smaller than the
exciton radius [6]. These properties have led to the applications in a wide range
of fields, i.e., semiconducting quantum well and super lattice devices, nonlinear
optical materials, photocatalysis, and imaging systems. For II-VI compounds,
maximum radii for the onset of quantum confinement effect (Q-size effects)
leading to the bandgap increase have been determined by Dabbousi et al. [7] to be
10 to 100 A. Wideband photoconductors such as TiO,(rutile) and ZnO undergo
increase in bandgap as radii approach in the range of 50 A. It is interesting to note
that a blue shift in the long-wavelength optical absorption edge with decreases
in particle size was first observed by Berry [8] for AgBr samples with radii of 65
and 350 A. It’s very clear that quantum confinement effect-based semiconductor
nanocrystals were produced with tremendous optical and electrical properties
than that of the bulk materials which are due to the reduced behavior of character-
istic length called as exciton Bohr diameter. And a characteristic length is usually
in the range of few nanometers when the material reveals size-dependent optical
and electrical properties.
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Figure 8.
A schematic diagram of the molecular orbital model for band structure.

One of the most important consequences of the spatial confinement effect is an
increase in energy of the band-to-band excitation peaks (blue shift) as the radius
R of a microcrystallite semiconductor is reduced in relation with the Bohr radius.
However due to significant spatial confinement effect, there is an increase in energy
of band-to-band excitation peaks which is called blue shift. The microcrystallite
of Radius (R) ranges in semiconductor having less relation with than of the Bohr
Radius. Some of minor difference would have happened between the theoretical
and experimental of confine effect it is due to electron electron-hole interaction
energy, in coulomb term and the confinement energy of the electron and hole in the
kinetic energy.

4.1 Weak confinement regime

To observe this regime, the radius (R) of a crystallite should be greater than the
bulk exciton Bohr radius (ag). In this region of weak confinement, the dominant
energy is the Coulomb term, and they already occur in size quantization of the
exciton motion. The exciton energy states are shifted to higher energies by con-
finement, and shifts in energy AE are proportional to 1/ RZ. The shift “AE” of the
exciton ground state is given approximately by

2_2
E~I7 2
2MR? 2)

where M is the mass of the exciton and it is given by M = m," + m;;, withm,
and m;, being the effective masses of the electron and hole, respectively.

4.2 Moderate confinement regime

Taking another point of view of quantum confinement, especially II-VI semi-
conductor region, the Bohr radius is equal (ap) to the material radius (R) which is
called moderate confinement regime, and also the following term conditions should
satisfy a, < R < a, for moderate confinement regime process. A processes were
observed in small QDs and a well-restricted motion of a photo-excited hole.

18



Quantum Confinement Effect of 2D Nanomaterials
DOI: http://dx.doi.org/10.5772/intechopen.9o140

4.3 Strong confinement regime

Finally, the strong confinement regime was confirmed by satisfying the fol-
lowing condition such that R < < ag and R < < a;. Due to these conditions, excita-
tions are not formed, and separate size quantization of an electron and hole is the
dominant factor. To strong confinement regime, must need two different reasons:
the first one is the Coulomb term of electron-hole interaction is small and it’s acting
as a perturbation, and the second one is independent behavior of electron and
holes when the above condition is applied. The optical spectra should then consist
of a series of lines due to transition between sub-bands. This factor was confirmed
experimentally, and the simple model gives shift in energy as a function of crystal-
lite size as

2_2
AE =2 3)

in which the exciton mass M is replaced by reduced exciton mass p, where

%

me  my

1_1 1
/7— - + (4)

The electrons and holes in QDs are treated as independent particles, and for the
excited state, there exists aladder of discrete energy levels as in molecular systems.

5. Summary

Recently quantum dot-based nanomaterials play a major role in the applications
many field such as Q-LEDs, transistors, solar cells, laser diodes for displays, medical
imaging, quantum computing, etc. In particular the QDs exhibit significant role in
the optoelectronic application, its changes because of precisely controlling the size,
shape, emission of color and bandgap tuning. These properties are changing inside
the quantum dots, and that leads to different applications from energy harvesting
to biomedical application. This entire physical and chemical phenomenon could be
explained through theoretical model by using quantum confinement behavior.
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Chapter 3

Temperature Effects in the
Photoluminescence of
Semiconductor Quantum Dots

Anatoly Zatsepin and Dmitry Biryukov

Abstract

Temperature effects in the exciton photoluminescence specific to semiconductor
quantum dots (QDs) are reviewed using Si QDs as an example. The processes of
direct and indirect optical excitation of spatially confined excitons in quantum dots
embedded in dielectric matrix are analyzed. The temperature behavior of the quan-
tum dots photoluminescence (PL) excited by various methods was described in
detail by a generalized electronic transitions scheme using different exciton relaxa-
tion models. The different types of temperature dependences were analyzed. The
analytical expressions were obtained for their description, which allow one to
determine the energy and kinetic characteristics of QD photoluminescence. It was
found that the shape of the temperature dependence makes it possible to under-
stand whether the process of exciton relaxation contains several different thermally
activated stages or this is a simple one-stage process. The applicability of the
obtained expressions for the analysis of the luminescence properties of quantum
dots is demonstrated by the example of crystalline and amorphous silicon
nanoclusters in silica matrix. It has been established that the quantum confinement
effect of excitons in quantum dots leads to a decrease in the frequency characteris-
tics and thermal activation barriers for nonradiative transitions.

Keywords: quantum dots, exciton photoluminescence, temperature dependence of
luminescence, quantum confinement effects, ion implantation, mechanisms of
excitation and relaxation

1. Introduction

The growing interest in the optical properties of low-dimensional systems is
stimulating the development of next-generation solid-state devices in the fields of
photonics, microelectronics, and optoelectronics. In particular, various technologi-
cal developments use semiconductor quantum dots formed inside a dielectric
matrix [1-3]. It is well known that the luminescent activity and other physical
properties of such materials are largely dependent on the transformation of the
electron energy spectrum of QDs caused by the size factor [1, 2]. Moreover, the
photoluminescence efficiency of QDs is also affected by the mechanisms of optical
excitation and the effects of quantum confinement of excitons.

According to the results of many studies [4-14], the temperature dependences
of photoluminescence in dielectric and semiconductor nanostructures can

23 IntechOpen



Quantum Dots - Fundamental and Applications

significantly differ in shape and type when using various excitation methods. The
PL temperature curves of quantum dots are most often presented in the form of
decreasing functions with increasing temperature [4, 5, 7]. At the same time, curves
with a clearly defined maximum or a monotone increase in PL intensity is some-
times observed. This is most often characteristic of direct luminescence excitation
of confined excitons [9-13]. The energy transfer of emitting nanoparticles through
intermediate electronic states of the matrix [4-7] can also lead to an increase in PL
intensity and to curves with an extreme shape. Thus, there is a need for a detailed
analysis of various energy transfer schemes and types of electronic transitions in
order to explain the observed variety of forms of temperature dependences of QD
photoluminescence [4-13].

It should also be said that according to some researchers, the spectral parameters
of most luminescent low-scale structures are largely determined by sized and geo-
metric factors [12, 15, 16]. In this case, the shape of the temperature curves of
quantum dots PL is also substantially transformed [12]. This suggests that informa-
tion on the features of the confined excitons in quantum dots can be obtained by
analyzing the temperature behavior of photoluminescence. However, the lack of
systematic research in this field leaves this question open.

The purpose of this chapter is to analyze the luminescence temperature depen-
dences under direct and indirect optical excitation of spatially confined excitons in QDs.
A generalized analytical description of such functional dependences is also reported.

2. Thermal and ion beam formation quantum dots

Obtaining methods of semiconductor quantum dots are questions of great
importance in the fields of science and engineering. Numerous advances have been
achieved in the synthesis of QDs, among them bulk etching [17], laser pyrolysis
[18], gas phase synthesis [19], thermal vaporization [20], and wet chemistry tech-
niques [21]. It should be noted that all of the above methods often require special
additives such as surfactants and dopants, as well as high-temperature
postprocessing, to stabilize the QDs and control their size.

Another convenient method is the thermal synthesis of quantum dots. As shown
in [22-24], the synthesis of silicon QDs in the suboxide matrix takes place according
to a reaction, which, depending on the temperature and duration of annealing, can
be stopped at any intermediate stage: 2Si0x — Si QD + SiO;.

The schematic representation of the sample transformation is shown in Figure 1.

With ion implantation, direct accumulation of the introduced material with not
only the quantum dots formation but also the quantum dots occurrence is possible
due to the evolution of defective structures. In particular, there is an innovative
method of creating Si quantum dots in SiO, under pulsed ion beam exposure [28].
In this case, quantum dots are formed as a result of the conversion and clustering
of radiation defects: ODC(II) — E’ — ODC(I) — Si QDs. During Gd-ion
implantation with different doses, Si—O bond softening appeared, and the three
main stages of defect evolution were identified: (A) formation of primary
oxygen-deficient centers; (B) conversion of defects; and (C) clustering into Si QDs
(Figures 2 and 3).

By changing the modes of radiation exposure of the SiO, matrix, we can control
the qualitative and quantitative composition of defects and modify the optical
properties of the host, including the ultraviolet transmittance and visible lumines-
cence. As seen from Figure 2, the radiation defect conversion includes several
consequent stages. The implementation of the described conversion mechanism
provides the controlled formation of stable quantum dots at various modes of ion
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Figure 1.

Scheme of silicon nanoclusters (Si QD) formation in an initial multilayeved structure under high-temperature
annealing in nitrogen atmosphere. The RyOz (R—Si, Al, Zr) is a dialectical layer.
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Figure 2.

Scheme of the successive stages for oxygen-deficient defect formation and fabrication of silicon quantum dots in
SiO, subjected to ion beam irradiation. (A) Radiation formation of vacancy defects; (B) transformation of
defects; (C) clusterization into quantum dots.

implantation [25]. The resulting Si QDs have a relatively small size of about 3.6 nm,
which makes it possible to excite red luminescence due to the strong quantum
confinement effect (Figure 3).

Described above the thermal synthesis of quantum dots and ion implantation
methods are most convenient for stabilizing QDs in a dielectric matrix. Such sys-
tems are better suited for studying the mechanisms of excitation and radiative
relaxation of QDs [26-28].
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Figure 3.

Typical luminescence spectra of quantum dots and radiation defects in SiO, implanted with 30 keV Gd ions at
Sfluences (2.5 x 107 and 5 x 10*7 cm™?). The spectra were obtained at temperature of 8 K and excitation by
photons 6.6 eV.

3. Mechanisms of QD excitation and scheme of electronic transitions

In considering the intracenter relaxation processes for spatially confined exci-
tons in QDs, their spin state should be taken into account. Bound electron-hole pair
is a diamagnetic excitation characterized by singlet and triplet levels of energy
associated with mutually antiparallel and parallel spins, respectively. In accordance
with the well-known Hund’s rule, the triplet state is the smallest excited state
because the atomic level with lower energy has a full orbital angular momentum or
maximum multiplexing [29, 30].

The lifetime of triplet excitations can be several orders of magnitude longer than
that of the singlet one, because triplet-singlet radiative transitions are spin-forbidden
[30]. The thermally activated character of triplet luminescence after direct excitation
of the singlet state is due to the energy barrier between these terms. Therefore, a
growth in temperature leads to an increase in the glow intensity [10-13].

A generalized diagram for electronic transitions is shown in Figure 4. Direct
singlet-singlet PL excitation of the QDs is shown by transition 1. At the same time,
transition 6 illustrates indirect PL excitation through the electronic states of the
matrix.

Each of the three different models presented in this diagram is individually
characterized by a small number of fitting parameters. For better understanding of
these analytic calculations, we have made the following special notations:

AEjsc = (E;-E3) denotes the energy factor of the singlet-triplet intersystem
crossing (ISC) relative to the QD excitons.

Eq = Es is the activation barrier of the QD PL quenching.

Esr = Eg is the activation barrier of self-trapping of matrix excitons.

AEoc = (E;—E7) is the occupation energy factor of the radiative T, triplet states
of the QD exciton.

8Psc = pos /poz is the intersystem crossing kinetic factor for spatially confined
excitons in QD.

8P = pog /P7¢10) is the energy transfer kinetic factor from the excitons of the
matrix to the QDs.

8Poc = po1z /o is the occupation kinetic factor of the radiative Ty triplet states
of the QD exciton.

8Py = pos /P4 is the kinetic factor for the triplet-singlet radiative transition of

the QDs.
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Figure 4.

ngel‘lme of electron transitions in QD under divect and indirect excitations. Scheme shows two independent
channels of excitation of the quantum dot and three different models of relaxation of excitons described by

Egs. (1)-(3). Optical and nonvradiative transitions are indicated by solid and dashed arrows, respectively; the
ground and excited singlet states are marked with S, and S,, respectively; the excited triplet state of the exciton is
T',; the levels of free and self-trapped host matrix excitons are shown as FE and STE, respectively.

Here E,, E3, Es, Eg, E1;, and E;5 are the thermal activation barriers. The fre-
quency factors characterizing the nonradiative transitions 2, 3, 5, 8, 11, and 12 are
designated as po2, P03, Pos> Pos> Po11 and pora, respectively; the singlet-triplet radi-
ative transition rate and energy transfer rates corresponding to transitions 7 and 10
are denoted by P4, P7, and P, respectively.

In the work of [10], an analytical expression is presented that well describes the
extreme form of the temperature dependence of PL. It was obtained taking into
account the three-level energy scheme, which includes transitions 1-5. Process with
an intersystem crossing (transition 2) and a triplet-singlet luminescence (transition
4) are the main stages of the two-stage radiative recombination of the excitons.
Herewith the PL intensity will be proportional to the product of the quantum
efficiencies n;sc and ng for transitions 2 and 4, respectively.

Given the above and skipping the intermediate stages, the final expression for
the model of QDs direct excitation can be written in the following function form:

AEsc E -
It = Iongcnr = Io{ |:1 + dPisc exp ( ®T >:| |:1 + OPR exp (— k—%):| } , (1)

where I, is the maximum luminescence intensity achieved at n;sc = 1and ng = 1.

Eq. (1) has the four fitting parameters: 8P;sc and AEjsc (transition 2) and 8Py
and Eq (transition 4). In expression (1) the physical meaning of the constants
(AE1sc, 8Pisc, Eq, and 8Pq) is quite clear. The AEgc and 8Pjs¢ parameters charac-
terize the occupation process for T, triplet state, whereas Eq and 8P are the
parameters of the quenching process for the triplet-singlet PL. As can be seen from
Eq. (1), an increase in the intensity of the triplet luminescence in the general
process can be caused by the conversion of excitation from the singlet to the triplet
state under some definite conditions. However, the shape of the temperature curve
of the luminescence can significantly depend on various ratios between the activa-
tion energies E, and Es.
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Other triplet PL relaxation schemes can be considered in the same way. The
energy transfer of free matrix excitons (FE) to quantum dots is confirmed experi-
mentally [4, 5, 13]. In other words, the absorption of high-energy light quanta with
the formation of free excitons (Figure 4, transition 6) can excite luminescence of
QDs. The direct transition of the excitation to the triplet state T1 (transition 7)
illustrates the simplest scheme of this process. The indicated option is similar to the
direct excitation of QDs described by a two-stage process [10, 13]. The expression
for the intensity of triplet luminescence (Eq. (2)) can be written assuming that
transition 7 occurs without a barrier, and the formation of a self-trapped exciton
(transition 8) is a competing process and also leads to luminescence (transition 9).

, Esr EQ\\ !
It =Ionrng :IO{ [1+6PTexp ( kT)] [1+6PRexp ( kT)]} , (2)

where ng and nr are quantum efficiencies characterizing radiative triplet-singlet
transitions and energy transfer from FE to QDs, respectively. Eq. (2) has four fitting
parameters: 8Pg and Eq (transition 4) and 8Pt and AEgr (transition 7), similar to
Eq. (1). At the same time, the parameters (8Pg and Eq) of nonradiative decay of
excitons are independent of the excitation method, as can be seen from Egs. (1) and
(2). An analysis of the data for direct excitation of PL (Figure 4, transitions 4 and 5)
allows one to determine these two parameters from independent measurements and
then use them in the analysis of indirect excitation processes. Using this approach,
one can significantly improve the procedure for approximating the experimental
temperature dependences of PL and reduce the number of variable parameters.

At the same time, the large difference between the energy levels of excitons in
QDs and free excitons in a dielectric matrix should be taken into account. In this
regard, Eq. (2) is approximate and describes only a simplified scheme of lumines-
cence. In fact, transition 7 cannot be considered elementary, and energy from the FE
is transferred to the high-energy states (HES) of the QDs (see Figure 4, transition
10). Further, successive thermal transitions from HES lead to the filling of the lower
triplet state T1. The indicated energy transfer sequence cannot be considered barrier-
free, and triplet-singlet luminescence should be described by a multistage model.

Let us consider the generalized transition 11 with effective parameters: activa-
tion energy Ey; and frequency factor poq; as a sequence of thermal transitions
HES — ... — T;. A generalized transition 12 with the corresponding effective
parameters Eq; and po, will be considered a sequence of competing processes. The
energy transfer rate Py to highly excited states will be assumed to be independent
of temperature, and the thermal activation barrier of such a transfer is equal to zero.
Then the triplet-singlet PL will be described by the following three-stage model:

e (5]}

(3)

Ir" = IOnTnocnR

= IO{ [1+6PT exp < ET>] [1 + 8P, exp (AE

The latter is taking into account the quantum efficiencies (nr, Noc, Nr) for energy
transfer, triplet state occupation, and radiative triplet-singlet transitions, respectively.
Eq. (3) is the variant of Eq. (2), where by taking into account an additional step

there are six parameters, corresponding to transition 10 (8Pt u AEgr), transition 11
(8P, u AE,.), and transition 4 (8Pg u Eq). The energy transfer from the matrix to the
quantum dot is denoted identically in Egs. (2) and (3) and is described by the param-
eters 8Pt and AEgr. However, it should be clarified that in Eq. (2) quantum energy
transfer efficiency nr characterizes transition 7, while in Eq. (3)—transition 10.
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As can be seen from Figure 1, radiation transition 4 with fitting parameters
(8Pr 1 Eq) is a common step for all considered models. Thus, the constant values of
the parameters 8Py u Eq for transitions 4 under direct or indirect excitation will
significantly reduce the arbitrariness of approximation by Egs. (1)-(3).

4. Dependence of PL temperature behavior on energy and kinetic
factors

As was mentioned in previous sections, the dependence of the PL intensity on
temperature IT(T) can be described by a decreasing or increasing function or a curve
with an extremum. According to Eq. (1), the form of I7(T) function depends on the
relations between the kinetic and activation parameters of luminescent centers. Thus,
if the certain conditions determining the form of function will be known, one can
associate the shape of IT(T) curve with the energy and vibrational characteristics of
the emission center. In the framework of two-step PL mechanism, the shape of the
curves I7(T) is determined by the multipliers nisc(T) and nr(T). Figure 5 shows the
calculated functions nisc(T) and ng(T) and their multiplication. The curve (3) repro-
duces qualitatively the temperature dependence It(T) normalized to the number of
photons incident on the surface of the sample. The next step is to discuss the influ-
ence of parameters from Eq. (1) on the form of the I7(T) dependence.

4.1 Triplet luminescence quenching

In case both temperature-dependent factors of Eq. (1) decrease with an increas-
ing of temperature, the IT(T) function is characterized by a negative slope, wherein
the quantum efficiency ng(T) is decreasing (see Figure 5, curve 1) within the range
from 1to 1/(1 + 8Pg). It has a minimum which depends on the ratio pos/P,4. If &

Pr — 0, then ny will weakly depend on the temperature, keeping a value that is very
close to 1 over the entire temperature range. However, the situation 8Py > 1 is most
often realized, since the radiative triplet-singlet transitions are spin forbidden [30],
and their rate P, is less than the frequency factor pgs for the nonradiative relaxation.

The ratio between activation barriers E, and E; determines the form of nsc(T)

function, which decreases ranging from 1 to 1/(1+ 8P;s¢c) if AEjsc < 0. In this case,

Ly 1-ng(T)
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Figure 5.
Calculated temperature dependences of the quantum efficiency factors for different processes: (1) triplet-singlet
radiative transitions; (2) intersystem crossing; (3) two-step process qisc(T) nr(T).
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the form of n1sc(T) function is similar to that for ng(T), as was shown in Figure 5,
curve 1. Thus, the PL quenching curve will have an asymptote corresponding to a
certain value I, (Figure 6, curve 1). If AEjsc = 0, the first exponent in Eq. (1) is
equal to 1, which causes a temperature independence of 1;sc quantum efficiency.
For this case, the IT(T) dependence can be described by the Mott function [31]
(Figure 6, curve 2), and quenching of triplet PL occurs due to the nonradiative
transition 5 (Figure 4).

The I, value is determined by the parameters of the competing processes. The
I, value increases if 6P;sc and 8 Py kinetic factors decrease. It should be noted that
the I, parameter is some hypothetical constant, because the quenching at high
temperatures isn’t considered in the model of direct excitation. In fact, the I7(T)
dependences will tend to zero in the range of high temperatures. However, in some
cases the experimental I+(T) curves can have a saturation region at room tempera-
ture [10, 12, 13]. The PL intensity in the saturation region can be contingently
accepted as I, value. This helps to simplify the mathematical processing.

4.2 Triplet luminescence growth

For the case of triplet PL growth, the n;sc(T) function has an increasing charac-
ter because the ngr(T) function definitely decreases. As Eq. (1) shows, the quantum
efficiency of the intersystem crossing (n;sc) increases with increasing of tempera-
ture if AEjsc > O (see Figure 5, curve 2), wherein the intensity of triplet PL
increases up to the I, value (Figure 6, curve 4) or the I7(T) curve has a maximum
(see Figure 6, curve 5). If the maximum is absent, the occupation of the triplet state
predominates over the process of the luminescence quenching. It is possible, when
dI1/dT > 0 condition is realized, which can be transformed as:

AE E

After some mathematical transformations. we can write:

n>lx +m, (5)
4004 ' 3
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Figure 6.

PL temperatuve dependences for different ratios of energy factor AE;gsc of intersystem crossing and PL quenching
thermo-activation barrier Eq: (1) AErsc < 05 (2) AE;s¢ = 05 (3) AE;sc > C-Eq; (4) AEisc = C-Egs

(5) 0 < AEISC < CEQ.

30



Temperature Effects in the Photoluminescence of Semiconductor Quantum Dots
DOI: http://dx.doi.org/10.5772 /intechopen.91888

where

AEISC) Eq Eq — AEisc 5Pr  Eq
X = ex n = +1;] =8Py - sm = : (6)
P ( kT AEisc R AErsc dPisc AEisc

Since n > 1, finally one can obtain the following:

AEisc > C- EQ, (7)

1 1 -

The inequality (Eq. (7)) shows that in general the temperature dependence
I7(T) is determined by both the peculiarities of the QD energy structure and their
vibrational properties. From Eq. (8) one can see that the coefficient C is responsible
for the relations between the kinetic factors (8Pigc, 8 Pr) for the radiative transi-
tions and intersystem crossing. In the case of slow kinetics of PL (8Pjsc >> 1 andd
Pr >> 1) the C — 1, one can neglect the vibrational properties of the QDs.

If instead of inequality (Eq. (7)) we will deal with the strict equality
AEjsc = C-Eq, the IT(T) dependence will be presented as the function with satura-
tion point at temperature Ts >> AEsc/k (see Figure 6, curve 4).

where

4.3 Extremal temperature dependence of triplet luminescence

The maximum for IT(T) curve occurs under the condition that the derivative of
(1) is equal to zero. Thus, the energy factor of the singlet-triplet intersystem crossing
AE;sc and the activation barrier of quenching (Eq) have the following relationship:

0< AEc<C ~EQ (9)

Previously we noted that C coefficient is introduced for accounting the influence
of the rate of the vibrational processes on the form of PL temperature dependence
for the QDs. However, the triplet luminescence is characterized by a relatively slow
kinetics, when the C parameter is close to 1. Thus, we can state the following key
points:

1.Rapidly decreasing IT(T) curves mean that the thermal activation barrier is
higher than the activation energy for the intersystem crossing (AEisc < 0).

2.In the case of temperature-independent occupation of the triplet states
(AEjsc = 0), the PL quenching can be described by the Mott type function (see
Figure 6, curve 2). The nonradiative triplet-singlet channel is responsible for
this process (see Figure 4, transition 5).

3.1If the intersystem crossing barrier is high (AEjsc > C-Eq), the intensity of the
triplet luminescence increases. In this case the efficiency of intersystem
crossing reaches its saturation at high temperatures.

4.The luminescence intensity increases until some point of saturation at

temperature Ts when AEsc = C-Eq. This saturation point corresponds to the
balance between the quenching process and the occupation of T; triplet states.
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5.If 0 < AEjsc < C-Eq, the curve I7(T) has an extremum. In the range of It(T),
increasing the occupation process of triplet states dominates. The decreasing of
PL intensity is due to the prevalence of the luminescence quenching.

6.The shape of the IT(T) dependence isn’t affected by the vibrational properties
of the luminescent QDs (C = 1), if the PL kinetic is relatively slow (kinetic
factors 8Pjsc and 8Py significantly greater than 1).

Analysis of Egs. (2) and (3) can be performed in a similar way. These analytical
equations describe the temperature behavior of the QD triplet luminescence at
excitation within the spectral range of the exciton absorption in a wide bandgap
matrix. As shown by Eq. (2), the simplified two-step model of this process corre-
sponds to the decreasing function of the first type (see Figure 6, curve 1). All of
the five above mentioned types of IT(T) can be described by Eq. (3) for different
Eq, Egt, and A E,. values. The main condition for increasing of this function is
AE,.> 0.

Summarizing, the 8 Pt and AEgt parameters characterizing the occupation of
radiative states are the key parameters for the approximation of the PL temperature
dependence for QDs. The values of these parameters differ for the direct and
indirect excitation mechanisms. Herewith, for all three models, transition 4 is the
same, so one can fix the parameters 8Py and Eq in the approximation operation.

5. Theory and experiment comparison
5.1 A case of direct excitation

In order to check the adequacy of the model for direct excitation (Eq. (1)), we
have performed the analysis of the experimental PL temperature dependences for
silicon QDs with the well-known luminescence properties [4, 5, 12, 13, 31]. There
are selective PL bands at 1.7-1.8 eV with a full-width maximum at half-height
(FWHM) of 0.18-0.15 eV at direct excitation.

Figure 7 (curves 1 and 2) shows the experimental temperature dependences
I7(T), constructed from the integrated intensities of the Si QD luminescence bands
excited by the radiation 3.6 eV of nitrogen laser in the temperature range 9-300 K.
To clarify the effect of the energy parameters Ejsc and Eq on the shape and the
luminescence intensity, we built simulated curves I7(T), which are presented in
Figure 7b.

In Table 1 the calculated parameters of considered PL temperature dependences
(curves 3-7) are listed. Table 1 and Figure 7 show that increase of AEjsc causes the
reducing of PL intensity due to the reducing of the efficiency of intersystem crossing.
On the contrary, increase of the activation barrier Eq for the competing process leads
to an increase in the PL intensity due to the decrease of the quenching effectiveness.
For all cases, the increasing of the activation energies leads to an increasing of the Tm
temperature, which corresponds to the maximum of I7(T) curve.

As was discussed in the section “Extremal temperature dependence for the
triplet luminescence,” all calculated curves except curve 5 belong to the fifth type of
form. Curves 4 and 7 have the maxima outside the temperature range, which is
shown in Figure 7. Curve 5 corresponds to the form of the third type. From Table 1,
it is seen that this curve satisfies the condition (Eq. (7)).

The third-type curves demonstrate the lowest PL intensity. In the framework of
developing the effective nanophosphors, the materials with the fifth-type form of
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Figure 7.

PL intensity at directly excited Si QDs versus temperature in silica films implanted by Si and C ions
(a): (1) — SiO,/Si (emission 1.7 eV); (2) — Si0,/Si/C (emission 1.8 eV); (b) — simulated curves I7(T),
obtained by using the Eq. (1).

PL temperature dependence (curves 6 and 7 in Figure 7) are of a great interest.
Thus, both high intensity and stability of PL for a wide temperature range can be
achieved if the activation energy Eq of the PL quenching increases. The main
attention was paid to the relationship between the activation energies of the
nonradiative processes on the basis of the analysis of Eq. (1) and the parameters,
which impact on the form of experimental PL quenching curves. However, it must
not be neglected that the kinetic parameters of the emission centers also influence
the shape of the temperature behavior and intensity of PL.

The PL intensity additionally increases, if the pre-exponential factors 6P;sc and
8Py decreases, as shown by Eq. (1). If the corresponding parameters will be tenfold
different (po2 > 10 po3 and P4 > 10 pos), this effect will be more noticeable.
However, such relationships are unlikely in the case of slow kinetics of the triplet
luminescence. At the same time, the PL intensity can decrease due to the influence
of reducing factors, such as the ratio of the kinetic parameters. So, a wider series of
real experimental dependencies should be considered and analyzed. It allows to
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Curves AEjsc, eV Eqg, eV C-Eq, eV T,., K
1 0.0020 0.0260 0.0294 33
2 0.0007 0.0090 0.0090 75
3 0.0100 0.0260 0.0294 166
4 0.0200 461
5 0.0300 —
6 0.0020 0.0400 0.0452 104
7 0.2000 0.2260 378
Table 1.

Energy and kinetic parameters of the nonradiative processes for the curves It(T) in Figure 7. Comment: For
strings 1 and 3-7, the covrection is C = 1.13 (6Psc = 1.80, 6Pg = 2.65); for string 2 C = 1 (6Ps¢ = 1.10, 6Pg =
1.09); the intensity scale parameter is Io = 317 a.u.

determine which model parameters are more prone to changes in the characteristics
of QDs and how they respond to these changes.

To solve this task, we considered the experimental results on PL of Si QDs in
SiO, films obtained by Wang et al. [12]. In this work, authors obtained the Si QDs
with different sizes by using the various doses of silicon ions. The emission bands
are red-shifted from 1.65 to 1.43 eV with an increasing of ion dose. In addition,
the broadening of emission bands from 0.2 to 0.4 eV was observed. However, the
emission bands experienced a slight red shift (<0.1 eV) and a change in width
(<0.05 eV) with an increasing of temperature.

The temperature dependences of the luminescence and their approximation by
using Eq. (1) are shown in Figure 8. It is seen that the form of quenching curves
depends on the ion fluence. On the one hand, epy curves 1 and 2 show a monotonic
increase at low fluence. On the other hand, curves 3 and 4 have maxima around 158
and 163 K, respectively, at high fluence. Herewith, all temperature dependences
correspond to the fifth type, as was shown by results of fitting (Figure 8 and
Table 2; see also “Extremal temperature dependence for the triplet luminescence”
section). Maxima of curves 1 and 2 are observed outside the given temperature
range. The larger A Ejsc energy factor of the intersystem crossing compared to this
parameter for curves 3 and 4 explains their high-temperature position. The position
of the temperature maximum is also affected by the activation barrier Eq, for the
triplet-singlet PL quenching. The maximum is shifted to the high-temperature
region if the barrier increases (Table 2). This effect is especially pronounced for the
amorphous clusters.

In addition, a change in the ion fluence also impacts the kinetic factors of the
exciton relaxation, which is reflected in the PL intensity. In particular, there is a
significant reduction in the conversion kinetic factor 8Pjsc (Table 2, pp. 3 and 4) in
the initial stages of exposure, which leads to a strong increase in the PL intensity
(see Figure 8, curves 1 and 2). At higher ion fluences, there is increasing of the
radiation kinetic factor 8Pg (Table 2, pp. 5 and 6), which results in the decreasing
of the PL intensity (see Figure 8, curves 3 and 4), wherein the relaxation processes,
which compete with the triplet PL, are characterized by a faster kinetics (8Psc > 1
and 6Pg > 1). From Table 2 one can see that the corresponding kinetic factors are
varied in the values that range between 1.5 and 7.

For all curves the correction parameter C is close to 1 (Figures 7 and 8). It means
the energy parameters have a great impact on the form of PL quenching curve. This
conclusion is made on the basis of our theoretical (C = 1-1.13) evaluations and
experimental results (C = 0.85-1.24) obtained in the work [12].
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Figure 8.

PL intensity at directly excited Si QDs versus temperature in SiO,/Si films implanted with different ion fluences.
The circles denote an experiment [12], while the curves represent the calculated data using Eq. (1). Amorphous
Si-clusters, curves (1, 2); crystalline Si-clusters, curves (3, 4). The excitation by argon laser (2.4 V).

QD-kind hvpr, eV 8Pisc oPr C AEisc, eV Eq, eV C-Eq, eV T,., K
Amorphous 1.8 1.10 1.09 1.00 0.0007 0.0090 0.0090 33
17 1.80 2.65 1.13 0.0017 0.0258 0.0292 75
1.65 7.10 291 0.85 0.0100 0.0640 0.0544 271
1.6 212 2.06 0.99 0.0110 0.1290 0.1277 438
Crystalline 1.5 1.50 2.80 1.23 0.0040 0.0540 0.0664 158
1.43 2.40 7.20 1.24 0.0050 0.0710 0.0880 163
Table 2.

The approximation vesults of tempervatuve dependencies for the directly excited PL in Si QDs at implanted SiO, films.

5.2 A case of indirect excitation

The low density of the QD electronic states and the high density of matrix states
cause a low probability for direct excitation of QDs PL by high-energy photons
(10-12 eV). By this reason, the analytical processing of PL temperature dependence
for QDs should be performed with Eq. (2) or Eq. (3).

To check the models describing the indirect QD PL excitation, we have used the
experimental data of QD luminescence under the synchrotron excitation (11.6 eV).
The luminescence of Si QDs in amorphous SiO, films is observed at 1.8 eV
(FWHM = 0.15 eV) [4, 5]. Figure 9 shows the temperature dependences of the
integrated PL intensity (circles).
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The results of using Eqgs. (2) and (3) for approximation are listed in Table 3. The
OriginPro software was used for analytical processing of the obtained data and for
determining the errors associated with the parameters of model. The analytical
dependences of the three-stage (I7”(T)) and two-stage (It’(T)) processes are
shown in Figure 9 as solid and dashed lines, respectively. The fitting error
(0.3-0.8%) does not exceed the measurement error (~2%) for both cases. It means
the two models are in good agreement with the experimental data for investigated
temperature range. So, preferred models should be selected, taking into account
experimental conditions and physical considerations regarding the energy structure
of the SiO, matrix and nanoparticles.

On the basis of experimental results, the PL quenching for Si QDs starts from the
liquid-helium temperature, as shown in Figure 9. A characteristic plateau at
100-160 K temperatures is in a good agreement with the chosen models for the
indirect excitation and confirms the non-elementary mechanism of the process. The
form of experimental PL quenching curve indicates the barrier-free (E; = 0) char-
acter for the transfer of the excitation energy from SiO, matrix states to Si QDs in
accordance with the two-stage scheme (Eq. (2)). The decreasing dependences
I7”(T) show not only the barrier-free excitation transfer (E;o = 0) but also the
negative energy factor of population of T; states (AE,. < 0) in accordance with the
three-stage scheme (Eq. (3)).

Transitions 10 and 11 (Figure 4) in the total scheme of the population process of
levels T; can be ignored for the case of the thin-film SiO, matrix implanted with
silicon and carbon ions, as was proven by the acceptable accuracy of the two-stage
model. On the contrary, the energy factor of population of states T; (AE,.) has a
low absolute value, as was shown in Table 3. As noted above, this condition
excludes the contribution of highly excited states to the kinetics of thermal relaxa-
tion of confined excitons. So, for the describing of PL temperature behavior for Si
QDs in SiO, host at indirect excitation, the two-stage model is quite an acceptable
mathematical tool.

The value of the kinetic factor (Pr) (Table 3) shows that the energy transfer to
the QD occurs relatively slowly. The frequency factor (pog) of the exciton self-
trapping is 125-150 times larger than the rate of this process. Due to the relatively

1.0+ Si-QDs | & Experimental
¢ 1= — Two-stage process
) 1 2 = Three-stage process
= 0,81
Z .
=
i D.E"
qc;. ]
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Figure 9.

PL intensity at indirectly excited amorphous Si QDs versus temperature in SiO,/Si/C films. The triangles—

Experimental data (emission at 1.8 eV, excitation at 11.6 €V) [4, 5]. A dashed line denotes Eq. (2) for the
two-step process. The solid line vepresents Eq. (3) for the three-step process.
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Characteristics Two-stage model Three-stage model
Self-trapping barrier of FE Esr, eV 0.104 0.110
Energy factor of T; occupation AEqc, eV — -0.002
Barrier of PL quenching Eq, eV 0.006 0.009
Transfer factor of kinetic energy SP* 125.51 153.07
Kinetic factor of T1 occupation S8Poc — 0.36
Kinetic factor for PL radiative 8Pp 1.36 1.09

*For the two-step process, SP corvesponds to transition 7 (Figure 4) and for the three-step process—transition 10.

Table 3.
Results of approximation for the PL temperature dependences under divect and indivect excitations of Si QDs in
SiO, films.

high activation barrier (Esy = 101-110 meV) for self-trapping of the free excitons in
the matrix (Table 3), the effective transfer of excitation FE — QDs is possible only
at low temperatures. The efficiency of generation of the self-trapped excitons
increases with an increasing of the temperature. As a consequence, the intensity of
QD PL strongly decreases due to the additional quenching, appreciable at T > 150 K
(Figure 9).

The obtained results show that the multistage relaxation of excited states at
indirect excitation causes the complex character of the PL temperature dependence
for QDs. So, one can ignore the participation of the highly excited states of the
confined exciton and consider the two relaxation stages for the analysis of the
mechanism of indirect excitation of Si QDs in the SiO, matrix [6].

In addition, the excitation method of QD luminescence also affects significantly
the form of PL quenching curve. Depending on the type of excitation (direct or
indirect), the form of the PL quenching curve changes dramatically. On the basis of
comparison of the experimental curves (Figures 7 and 9), we can assume that
indirect energy transfer occurs directly on the triplet state of QD by passing through
the singlet state. In another case, the stage of intersystem crossing should be
included in the transition scheme. Then there is also the increasing region in the PL
temperature dependence at indirect excitation.

6. Dependence of the PL kinetic and energy parameters on structural
and dimensional factors

In the present study, we examined the temperature dependences of the Si QD PL
experimentally and observed that the energy radiative transitions are different
(Figures 7 and 8). It’s known that the spectral shift of emission band for QDs is
inversely proportional to the square of its radius (Akv ~ R™?) [1-3, 32, 33]. On the
basis of this relationship, we estimate the size of Si QDs, as listed in Table 2. The
diameter of luminescent QDs is about 3.6-5.4 nm. This assessment is consistent
with the previous literature [12].

The high-resolution transmission electron microscopy (HRTEM) shows that
when the samples are implanted by Si ions with the fluences between 1.5 - 10" cm ™
and 10" cm 7, the average size of nanocrystal is between 3.8 + 1.2 nm and
3.5 £+ 1.5 nm, respectively (Figure 10). Based on the fact that the radius of exciton
in the bulk silicon [3] is about 4.2-4.9 nm, we assume that all the samples are
subjected to the effect of strong quantum confinement.

2
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Figure 10.
HRTEM images of lattice fringe of SiO, films (250 nm), implanted by Si-ions; (a) fluence 1.5 107 cm ™2,
(b) 10" em™> [12].

However, according to the diffraction data, the nanoparticles differ in size and
internal structure. Figure 11(a) and (b) clearly confirms the presence of Si crystals
in samples implanted by ions with fluences A and B; however, SAD does not show
any sign of diffraction rings originating from anything but amorphous SiO, in
Figure 11(c) and (d). Studies have shown that the PL bands with maxima at
1.8-1.6 eV are found for the amorphous Si nanoparticles, while the emission bands
at 1.5-1.43 eV are related with the crystalline Si nanoparticles [4, 5, 10, 12].
Consequently, the change in the size, morphology, and structural ordering of QDs
strongly affects the dependence of PL temperature curves on the ion fluence. In
addition, the disorder degree in atomic structure and position of emission bands
heavily depend on the size of QDs.

The form of the PL quenching curves is determined by the activation barriers
and frequency factors, which are strongly affected by the all abovementioned
factors (Figures 7 and 8).

The analysis of physical properties of the PL of Si QDs was performed on the
basis of the data listed in Table 2. So, when the size of QDs increases:

1.The extremum of the PL quenching curve shifts to the range of higher
temperatures.

2.The value of parameter AE;gc corresponding to the intersystem crossing of
excitons increases (Figure 12, curve 1).
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3.The activation barrier Eq for the nonradiative relaxation increases (Figure 12,
curve 2).

4.The kinetic factors of the intersystem crossing (8Pjsc) and radiation (8Pg) take
a maximum value at 1.65 eV for the case of amorphous Si nanoparticles. The
intersystem crossing (8P;sc) and radiation (8Pg) increase for the case of
crystalline Si nanoparticles.

When the structure of Si QDs is transformed from amorphous to crystalline, a
dramatic reduction in the thermal activation characteristics occurs. From Figure 12
we can see that after crystallization the transition energy parameters (AEgc and
Eq) are significantly reduced. Experimentally, this effect can be observed as the
shift of the maximum for the I7(T) curve from 438 to 158 K (Figure 8).

The right interpretation of the abovementioned key points is impossible without
knowledge of system of configuration curves for the emission center. The following
reasons can result in the changes of the kinetic parameters and the activation
barriers for nonradiative transitions:

1.The terms (configuration curves) of exciton are shifted either on the energy
scale or on the coordinate configuration scale.

Figure 11.

Selected area diffraction (SAD) pattern images; (a) fluence 1.5 x 107 ¢cm ™2, (b) 10" cm ™2,

(c) 5 x 10" cm™2, (d) 2 x 10 em ™ [12].
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Figure 12.

The relationship between the energies of radiative PL transitions and the activation parameters of nonradiative
transitions in silicon QDs in crystalline and amorphous state, which shows their dependence on structural and
dimensional factors. The energy factor of the intercombining conversion is designated as Ejsc, and the thermally

activated bavrier of PL quenching is Eq. the filled circles show the results of the data presented in [4, 5, 10, 13]
and the open circles [12, 13].

2.The broadening or narrowing of configuration curves is observed.

3.The changes in the degree of continual disorder result in the distribution of
configuration curves on the energy and configuration scales.

A system of hypothetical configuration curves with the terms of singlet ground
state S and terms of singlet and triplet excited states (S; and Ty, respectively) is
shown in Figure 13. For clarity, the distribution of terms caused by the continual
disorder isn’t shown. It is assumed that the parameters AEgc and Eq take some
effective values, which correspond to the maxima of distribution functions.

The main observation of the reduction in size of nanoparticles is the increase of
the optical transitions energy, owing to the shift of the terms relative to each other
[1-3]. We assume that Sg, S;, and T; have a parabolic form; we can see that the shift
of S; to the position of S;” will lead to a decrease in the energy factor A Ejsc of the
intersystem crossing (see Figure 13a).

This is well consistent with the curve 1 of Figure 12. However, a similar shift of
the position for T; toward T;’ (Figure 13b) implies that increasing the energy of the
radiative transition (kv) will increase the activation barrier (Eq’). At the same time,
according to the experimental results (see Figure 12, curve 2), this barrier has to be
decreased. Figure 12 shows that this contradiction can be solved if the displacement
of T, is accompanied by its extension (T;”). This effect corresponds to the decrease
of the frequency factor pos and kinetic factor 6P where the approximation results
confirm the increasing of the energy of radiative transition (Table 2).

The abovementioned four key points were found experimentally [4, 5, 12, 13].
There is a red shift of emission bands from 1.8 to 1.4 eV with an increasing of QD
size. In addition, the PL band broadening is observed (0.15-0.4 eV), which can be
caused by the broadening of the configuration curve for the T; excited triplet state
(Figure 13b).

In the case of amorphous nanoparticles (Figure 12), the increase of the effective
parameters AEgc and Eq in a larger QD size can be due to the variations in the
corresponding distribution functions of energy levels. Since the size effect in the
amorphous nanoparticles manifests itself more strongly in comparison with the
crystalline nanoparticles, we can assume the quite importance of the continual
disordering in the formation of QD optical properties. It should be noted that there
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Schematic illustration of the change in the energy factor AEsc of intercombination conversion (a) and the
activation barrier Eq of the PL quenching (b) with a decrease in the size of quantum dots. The figure shows the
initial terms of the ground and excited triplet and singlet states (S,, T1, S,), the displaced terms of the excited
triplet and singlet states (T,, S,’), and the shifted and broadened term of the excited triplet state (T,”).

is a sharp decrease in activation barriers at transition from amorphous to crystalline
QDs. From this point of view, the structural disorder is becoming a negligible
factor. On the other hand, the dependence of shift and broadening of the configu-
ration curves on the QD size also are observed for the case of crystalline QDs.
Table 2 shows that the energy and the kinetic parameters of nonradiative transi-
tions depend on the size of QDs.

The effect on structural and dimensional factors on the activation parameters of
the radiative and nonradiative relaxations can be estimated from the three-level
system of QD luminescence (Figure 13). However, for this task it is necessary to
conduct special experiments and theoretical modeling (ab initio calculations). This
issue is outside the scope of this work.

The developed ideas are a powerful tool for the control of the optical properties
of QDs depending on the size, composition, and structure factors. We believe, the
proposed approach is universal and can be applied to semiconductor QDs (such as
Si, Ge, C) in dielectric hosts. The estimation of the applicability of this model to
QDs of another type (e.g., with complex composition or special structural features
[34]) can be performed using a special experimental check.
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7. Conclusion

This chapter considers the temperature behavior of luminescent semiconductor
quantum dots that have formed by thermal and ion beam methods. Analytical
expressions characterizing the PL intensity of confined excitons were obtained on
the basis of a generalized energy scheme for direct or indirect excitation of QDs.

Five types of temperature dependences of the luminescence of quantum dots
were considered, and model parameters that affect the shape of the temperature
curves were analyzed. The main variables of these models are the ratios of the rates
of competing relaxation processes as well as the differences of their activation
barriers. The derived expressions allow us to analyze and explain the experimen-
tally observed luminescence temperature dependences of the most diverse form.

The models presented in this chapter were tested on the example of temperature
dependences of PL silicon nanoclusters in silica matrix under different optical
excitations. High informativeness and sensitivity of analytical expressions to
dimensional effects and structural disordering in QDs substance are shown.

It was found that indirect excitation of Si QDs leads to a decreasing PL temper-
ature dependence, which is due to a three-stage relaxation process. At the same
time, the temperature dependences of PL upon direct excitation of silicon quantum
dots are in the form of curves with a maximum and are characterized by a two-stage
relaxation process. The increased effect of Si QD photoluminescence with increas-
ing temperature, which is observed experimentally, can be explained by an increase
in the density of triplet excitations acting as radiative states.

The observed structural and dimensional effects are explained using a hypo-
thetical configurational scheme. We have found that the confined exciton effect in
silicon nanoclusters manifests itself in the form of a decrease in the thermal activa-
tion barriers of nonradiative processes. Crystallization of the silicon amorphous
nanoclusters also leads to a sharp decrease in the energy parameters of all thermally
activated processes.

The data presented in this chapter can be used in the field of new functional
materials and devices for nanophotonics. The developed ideas here can be consid-
ered as a tool for predicting and controlling the luminescent properties of quantum
dots under their composition, size, and structural ordering change.
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Chapter 4

Quantum Dots CdSe/ZnS as a
Source Array of Entangled States

Anatolii Isaev

Abstract

A quantum dot is a quantum system in classical space with unique characteristics, as
aresult of alarge quantum limitation. The experimental results of this chapter sub-
stantiate the ability of quantum dots to play a key role in purely quantum processes, for
example, teleportation of quantum objects, and the generation of macroscopic quan-
tum gravity force and, of course, are a qubit in quantum computing. A quantum dot has
the ability to capture (capture) a photo-induced charge carrier by a surface defect of its
crystal structure and, thereby, create a second stable long-lived quantum state, which is
anecessary requirement for a qubit. This ability puts a quantum dot out of competition
with respect to many other quantum objects, like qubits, in terms of the simplicity and
cheapness of their continuous generation in standard laboratory conditions. Quantum
dots have received wide recognition because of their unique exciton luminescence
characteristics; this chapter substantiates a fundamentally new area to use quantum
dots in the development and study of both fundamental and applied physics.

Keywords: quantum dots, metastable excitons, qubit, quantum entanglement

1. Introduction

Semiconductor quantum dots (QDs), for example, CdSe/ZnS is an attractive
quantum object in classical space. Attractiveness is based on the unique character-
istics of nanoscale structures with a large quantum limitation. The high quantum
yield of exciton luminescence (up to 80%), the narrow band of this luminescence,
the long photo stability and the rearrangement of the exciton luminescence band
in a wide spectrum range, depending on the size of the nanoparticles, have specific
unique characteristics of these crystalline nanostructures [1]. These characteristics
provide potential applications in photovoltaic and laser devices, thin-film transis-
tors, light-emitting diodes and luminescent labels in biology and medicine [2-6]. In
this article, I want to justify no less, but rather more, meaningful applications, both
in fundamental and in applied physics.

We are talking about the properties of crystalline structures to have on their sur-
face quantum defects called surface trap states. These surface traps capture photo-
induced charge carriers, usually an electron, and delay its recombination for a fairly
long time [7-9]. In [10], the exciton luminescence of CdSe/ZnS QDs was recorded
in the millisecond time range and its intensity was six orders of magnitude less than
the intensity of exciton luminescence immediately after the photo excitation pulse.
Such a quantum state with a long existence of an exciton is called a metastable exci-
ton. A metastable exciton is an electron—hole pair, in which an electron is captured
by a surface trap with a long lifetime [10].
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The typical relaxation time of exciton luminescence is the nanosecond time
range. Consequently, relaxation of all excited quantum states of QDs takes place in
the nanosecond range, whereas relaxation of metastable excitons takes place in the
millisecond range, which is six orders of magnitude greater than the lifetime of all
other quantum states of QDs. In other words, QDs with a metastable exciton are a
quasistable quantum state, and can play the role of a second stable state |1) of QDs,
as a qubit. The first stable state of such a qubit |0) is QD in the ground quantum
state. The irradiation of a colloid QDs is a simple and practically free way to con-
tinuously generate an array of qubits in two stable quantum states, naturally, when
the energy of the optical beam quanta exceeds the QD bandgap.

Obviously, we must receive the result of any quantum process, for example,
quantum computing or teleportation in the classical space, in the space where we
all function. For example, a digital computer operates in its “digital space.” We will
need it only when it “produces” a result that is understandable to us, for example, a
graph or a picture, but not as a set of numbers. QDs with a metastable exciton, asa
qubits in the quantum state |11}, have unique nonlinear optical characteristics. The
fact is that the electron capture by the surface trap separates the charge carriers by a
distance that coincides with the size of the QD, which are several nanometers. Such
a large separation of charge carriers is the source of a very large light-induced dipole
moment p of an individual QD with a metastable exciton. The dipole moment p
is responsible for the value of light-induced change in the refractive index [11].
Therefore, a large value of p makes it possible to record the distribution of the
concentration of individual QDs with a metastable exciton using conventional
interferometry. It is this distribution of the concentration of QDs in the quantum
state that is the result of the quantum process in the quantum space, which is the
“quantum box” by definition of the founding fathers of quantum mechanics.

We see that quantum dots can be in two stable quantum states, which allows
them to be used as a qubit in all modern quantum technologies. One of these
quantum states has a significantly different classical refractive index. This property
makes it possible to register individual QDs in this quantum state |1) by interfer-
ometry methods and, thus, to register the results of quantum processes in classical
space. The experimental results of this chapter substantiate and realize this pos-
sibility, which opens up new areas for the use of quantum dots in fundamental and
applied physics.

2. Teleportation of CdSe/ZnS QDs in the classical space
2.1 Quantum entanglement

Quantum entanglement is a new resource of quantum physics, the same as, for
example, energy [12]. New resources make it possible to discover new potentials
and implement fundamentally new processes of quantum physics. The modern rep-
resentation of quantum states is based on the statement that, in quantum mechan-
ics, any physical system is described completely by a state vector |'¥) in the Hilbert
space H. A system with a two-dimensional Hilbert space is called a qubit (quantum
bit). For several Hilbert spaces, for example, for Hy and Hg, the complete Hilbert
space is the tensor product of the subsystem spaces: Hyg = Hy ® Hg. Any quantum
system that is described by a single state vector is a pure state. Next, the density
operator and other mathematical transformations are introduced. Everything, all
Physics is over! Mathematics on paper remained only!

A real qubit is a quantum object that has two stable quantum states, which,
as a rule, have different easily measured classical characteristics. For example, a
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quantum of light in the “0” and “e” states of polarization, or a neutral atom and a
charged ion of this atom. And these characteristics are measured easily using classic
devices. The modern representation of quantum entanglement is based on the mod-
ern representation of quantum states. A quantum state |'¥') is entangled if it cannot
be written as a tensor product, i.e., |®) # lay ® |b). And, here, if the quantum state
is written as the sum of tensor products, then this state is entanglement.

@) = {142y ® b1} + 1a2) ® b)) (1
As an example, a type of state is usually given
=L -
@) = (101) - 110)) @

The term “entanglement” was introduced by Schrédinger for the first time in
1935 [13]. Schrédinger introduced this term to describe the specific relationship
between quantum systems, which have correlations between their dynamic quanti-
ties: position and momentum. And this relationship is expressed in an infinite
set of dynamic values of two particles. Thus, Schrédinger justified one of the key
properties of quantum entanglement—the complete uncertainty of the values of
classical dynamic quantities such as the position and momentum of a particle. And
what do we see in Eq. (2)? Here, the quantum state |®) of a quantum superposition
of one object in two basic states is written, |0) and |11) decoherence of which will
give an equiprobable (1/2) result to find this object, both in the state |01) and in the
state [10). Where is the uncertainty here? Complete uncertainty reflects the form of
writing a quantum state |¥) quantum superposition.

W) =af0)+p]1), (3)

where @ and f§ are complex numbers, the sum of squares of which |a|* + ||* = 1.
In essence, |a|* and |f|” are probabilities of obtaining a state of |0) or |1) in clas-
sical space as a result of decoherence. To feel that there is entanglement you can
simply imagine the coin that was thrown up, and it falls and rotates. While the coin
is rotate, it is impossible to say what condition it is in. The coin is in a completely
indefinite state, but it is exact in some of the states |0) or |1). The coin fell to the
ground and here it can be said, determined or measured in which particular state
and in which particular place on the earth. Some people write in their articles that a
quantum object in a state of quantum superposition is simultaneously in all its basic
states. But this is nonsense. A quantum object cannot be simultaneously in its two
states, but to be in an uncertain state, there are no problems here.

Thus, we conclude that the quantum state |¥) in the entry form (3) is a quantum
superposition, and it is an entangled quantum state. The principle of quantum super-
position states that the linear combination of quantum states of all quantum objects
of the participants of this superposition is also a quantum state. The linear combina-
tion provides an exponential growth of quantum states of quantum objects with two
basic states (qubit) with a linear increase in the number of these qubits. This means
that N quits provide 2" entangled quantum states of quantum superposition. And
if we return to physics, this means that the wave function of the state |¥) contains
2" entangled wave functions. If N qubits occupy a macroscopic volume, then the
wave function of state |¥) is macroscopic. This is a fundamental conclusion, since
the macroscopic wave function is the basis of all quantum processes as a result of
Bose-Einstein condensation. The way to create a Bose-Einstein condensate regardless
of temperature opens up fantastic prospects for practical devices based on quantum
effects. This is one of the physical resources of quantum entangled states.
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2.2 Experimental implementation of multi-particle quantum superposition

Obviously, practical applications make sense with an array of entangled quan-
tum states, the source of which is quantum superposition. Qbits are quantum
objects in two basic states, the dynamic characteristics of which, for example, their
location, can be easily measured in classical space. It is these qubits, more precisely,
their quantum states |0) and |1) that form the quantum state of many-particle quan-
tum superposition |¥) in the self-assembly mode. Self-assembly is a typical process
of quantum physics, a typical example is Bose-Einstein condensate. Another typical
example is the self-assembly of nanoscale quantum objects with a large quantum
confinement [14]. Practical devices require qubits cheap and easily accessible. In
addition, such qubits must function under normal conditions: they do not require
ultrahigh vacuum or ultralow temperatures.

The semiconductor quantum dots (QDs) of CdSe/ZnS were used in this work as
such qubits. The modern concept of quantum entanglement asserts that quantum
entanglement is a consequence of some nonlocality of quantum mechanics, which
cannot be explained from the standpoint of classical physics [15]. This concept is
the basis for research on quantum communications, quantum cryptography and
quantum networks. Let us leave the question of nonlocality “for later,” and let’s dis-
cuss the obvious property of quantum entanglement, which is it’s decoherence. An
array of tossed and rotating coins will fall to the ground. Each coin will fall on one
of its sides. This particular side of the coin is the result of the interaction of all the
coins, both among themselves and with external and internal forces, as they rotate.
Decoherence of quantum superposition unravels all entangled quantum states into
concrete quantum states |0) and |1) of each qubit in classical space and, thus, makes
it possible to record the result of the interaction of forces in quantum superposition
or quantum entanglement.

The dynamic principle of quantum superposition states that the quantum state
of quantum superposition can occur again after decoherence, if conditions for this
exist. Therefore, the continuous functioning of the states of quantum superposition
according to the scheme “self-assembly of quantum superposition—decoherence
under the influence of external and internal forces—self-assembly of quantum
superposition again—decoherence again, etc.” can occur only with continuous
generation of the qubit. The quantum state of the qubit |0) is the ground unexcited
state, which does not require external influence for its existence. The quantum
state of the qubit |1) is a QD with a metastable exciton. Therefore, the continuous
generation of this state is a necessary condition for the continuous functioning
of the quantum state of quantum superposition. An optical beam with quantum
energy greater than the bandgap is the driving force that is able to generate the state
|1) continuously.

An optical beam with a wavelength of 4 = 437 nm was used for this in experi-
ments. A CW-laser was used as a source of this beam with a power of 30 mW. The
scheme and methodology of the experiment are presented in detail in [16]. Here,
we will focus on key phenomena that characterize quantum entanglement as a truly
new resource with fundamentally different possibilities of practical application.

In short, the experiment consisted in observing and registering the trace profile
of an optical beam that spread through a suspension of CdSe/ZnS quantum dots.
The fact is that the pattern of the beam trace profile is a pattern of wave aberra-
tions of a light-induced lens [17, 18], which occurs in a QDs suspension, as a result
of the self-action of an optical beam, which generates a |1) quantum state with a
different refractive index compared to the refractive index quantum state |0). The
dynamic pattern of wave aberrations of a light-induced lens reflects the dynam-
ics of the space-time redistribution of the wave surface of a light-induced change
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in the refractive index. The wave surface of the light-induced refractive index is

the space-time distribution of the concentration of QDs in the quantum state |1).
Thus, registration of the redistribution of the refractive index makes it possible

to measure the redistribution of the concentration of the quantum state |1) (QD
with a metastable exciton), including as a result of the presence of such QDs in the
quantum state of quantum superposition. This is the “highlight” of the experiment.
The fact is that decoherence of an array of entangled quantum states in quantum
space, which is a “quantum box,” as defined by the founding fathers of quantum
mechanics, occurs under the influence of all forces, internal and external. Including
those forces, the existence of which we do not know. Thereby, the registration of the
result of decoherence of quantum superposition makes it possible to detect these
forces and understand their physical nature.

2.3 Experimental implementation of teleporting CT CdSe/ZnS

All the experimental results were obtained in a simple experiment, the scheme
of which is shown in Figure 1a. This graphic also shows a typical beam trace profile
pattern on a remote screen. Figure 1b shows a typical transformation of the pattern
of the beam trace profile after the start of illumination. Here, the time of 0 ms is the
beginning of the illumination of the QDs suspension, and the intensity distribu-
tion is the input beam profile without a cuvette with a suspension with QDs in the
beam. The input beam parameters were: beam convergence angle 6 = 5.45 107>,
wo = AM70 = 28 pm; I = 2P)/mw? = 2436 W/cm?; 29 = mwo’/A = 5.2 = 5.2 mm. The thick-
ness of the cuvette with colloid was 5 mm.

Quantum teleportation is the concept of quantum physics, which is being studied
in a large number of recent published works. The main research topics are quantum
communication, quantum computing and quantum networks. The term teleporta-
tion means the process by which bodies and objects are transferred from one place to
another without moving along any path. The “quantum teleportation” boom begins
with article [19], in which an unknown quantum state is first measured and then
reconstructed at a remote place. The implementation of this information protocol
requires a classical communication channel [19], and quantum entanglement [12].
The conceptual basis of such a quantum teleportation is the assertion that two
quantum particles in an entangled state have some non-locality so that changes in
the state of one particle immediately correlate with changes in the remote system
regardless of the signal passing time between them [15]. If this concept is accepted as
a physical reality, then one should assume the existence of some otherworldly forces,
which, and only they, provide such a speculative correlation between remote quan-
tum objects. This article substantiates another concept of quantum teleportation,
which is really a physical reality, since this concept is the result of an experiment.

The meaning of the experiment was to look the transformation of the pattern
of the beam trace profile when moving the cuvette with the QDs colloid on a rough
surface, as a result of which, the QDs colloid was subjected to micro-shaking.
Figure 2 contains information about how the dimensions of the pattern of the
beam trace profile change in the process of establishing a steady state and after the
beginning of the movement of the cuvette with the colloid QDs. These data were
obtained at the position of the cuvette along the axis Z = —15z¢. Here Dyor, Raw Ryp
is the horizontal diameter, the radius of the lower half and the radius of the upper
half of the pattern of the beam trace profile. The time 7 is the characteristic time
of exponential relaxation of processes that control the pattern of the beam trace
profile during the accumulation of QDs and the establishment of a steady state. The
beginning of the movement of the cuvette with colloid took place after 3 seconds of
illumination.
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l.n.:aer, 473 nm

Without cell

(b)

Figure 1.

(a) The scheme of the experiment and the profile of the laser beam trace on the screen. (b) The trace profile of
the input optical beam and the trace profiles of the output beam in the process of accumulation of long-lived
QD:s after the start of illumination, z = —292,,.

It is obvious that the establishment of a stationary state takes place as a result
of at least two processes. The first ~400 ms there is an increase in all sizes of the
pattern of the beam trace profile. Then, we see a dramatic change in the size behav-
ior of this pattern. An obvious reduction in all sizes of this pattern is observed. We
should note that the increase and subsequent reduction in the size of the pattern
is well extrapolated by exponential functions. Moreover, the pattern of the upper
half of the beam trace profile is reduced to a much greater degree and significantly
sooner. We will analyze these experimental results below. Here, we will consider
the situation after the beginning of the movement of the cuvette with the colloid to
another location along the Z axis. Individual frames of the pattern transformation
are shown in Figure 3. The real transformation of the pattern in real time is in the
video files “transl-trans3.”

The beginning of this movement took place after 3 seconds of continuous illu-
mination. Obviously, the steady state was achieved during this time (see Figure 2).
This movement caused a complete “whistleblower” or “orgy” of the dimensions of
the beam trace profile pattern, which Figures 2 and 3 demonstrate quite well. We
must note that the pattern of the profile of a beam trace changes its structure in an
abrupt manner. Details of the pattern of each frame in Figure 3 do not coincide with
the details of the pattern of the previous frame of the video. All patterns of each
frame change their details “jump.” Recall that the time between frames was 40 ms.
Here we should especially note that all the processes that controlled the size of the
pattern immediately before the beginning of the displacement had characteristic
relaxation times of 200-300 ms, which significantly exceeded the actual time of a
cardinal change of the pattern itself.

Another key result is that the axis of the output optical beam coincides with the
axis of the input optical beam with all the “manipulations” with the cuvette with a
colloid: its movement along the Z axis (+492,); micro-shaking due to the uneven-
ness of painting the surface of the table on which the table with the cuvette was
moving. Here we note that the cuvette was oriented at a small angle to the axis of the
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=123 ms

R, 1=295ms

0 1000 2000
Time. ms

Figure 2.
The establishment of a stationary beam trace profile pattern. The inserts show the direct transformation of the

pattern after the beginning of the movement from the position along the axis Z = —15z, to the side closer to the
waist of the focused beam.

40 ms 120ms 160 ms

0 ms

240 ms 280 ms 360 ms 400 ms

Figure 3.
Transformation of the pattern of the beam trace profile during the movement of the colloid from the position

Z = —15%,

input optical beam, and the axis of direct movement of the cuvette did not coincide
with the axis of the input optical beam.

The pattern of the beam trace profile changes its structure and dimensions
“abruptly” in each frame of the video. Figure 4 shows how the digital profile of the
beam trace profile pattern changes its structure and size after the beginning of the
displacement (0 ms) of the cuvette along the z axis and after 120 ms. Here we have
to remind that the beginning of movement took place after 3 seconds of continuous
illumination, when the pattern of the beam trace profile was in a steady state with a
characteristic exponential relaxation time 7 ~200-300 ms.

Figures 2-4 contain information that shows that the micro shake of a QDs col-
loid transforms the pattern of the beam trace profile over a time that is significantly
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Figure 4.
Digital profile of horizontal slice “a” and vertical slice “b” of the beam trace pattern 120 ms after the beginning

of the movement (o0 ms).

shorter than the characteristic exponential relaxation time of the steady state of
the QDs colloid. Here we recall that the pattern of the beam trace profile is a pat-
tern of wave aberrations of the wave surface of the light-induced refractive index
volume [17, 18]. The photoinduced refractive index of a colloid of QDs results from
the accumulation of the concentration of QDs with a light-induced metastable
exciton [16]. Consequently, the transformation of the pattern of the beam trace
profile is the result of the transformation of the distribution of the concentration
of QDs with a metastable exciton in the illuminated volume of the QDs suspension.
Figure 4 convincingly shows that a substantial concentration of QDs with a meta-
stable exciton, providing phase addition to the wave front of the input beam, for
example, at 147 disappears without a trace for a time shorter than the characteristic
relaxation time of the steady-state stationary concentration of QDs.

In principle, this behavior of the QDs concentration is expected. Micro-shaking
is a source of forces that can cause flows in a liquid, which mix the concentration of
QDs. But, the fact is that micro-shock causes forces with an arbitrary direction. It is
obvious that such forces should cause arbitrary concentration flows in a liquid, which
should cause an arbitrary geometric displacement of the optical beam, its axis, in
the first place. The experiment shows that arbitrary QDs concentration fluxes with a
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metastable exciton really arise, but all these fluxes “spin” around the axis of the input
optical beam. The axis of the input beam has “unshakable” directions and retains its
direction for all mechanical perturbations of the cell with QDs colloid. This means
only one thing: there are no real flows of QDs concentration in the liquid, and what
we see is the result of teleportation of the quantum states of a metastable exciton.
Quantum teleportation “transfers” only quantum states from one quantum object

to another quantum object. The trajectory of the transfer, of course, is absent. We
have implemented a unique situation where mechanical classical forces are small
enough to cause a real disturbance of the fluid, but these forces easily cause quantum
teleportation, which does not have a trajectory of movement in classical space. The
lack of a trajectory of movement clearly means that there is no actual movement of
objects in space. Obviously, there is no movement; therefore, there are no forces that
prevent this movement. This means that what we see is the result of the direct action
of the forces not “burdened” by the opposition of any other forces.

The fundamental and practical significance, as well as novelty, of these results
cannot be overestimated. The fundamental significance and novelty lies in the fact
that the resource of entangled quantum states creates a macroscopic wave function
regardless of temperature. Quantum teleportation transports quantum states of
neutral particles, for example, quantum dots with a metastable exciton, without a
specific trajectory of motion in classical space. Since there is no movement trajec-
tory, then there is no movement itself. Movement is not, means that there are no
forces that impede movement. There are no such force, which means that there is no
internal friction. There is no internal friction in a fluid, for example, in a colloid of
quantum dots, and there is a real displacement of a quantum dot, since a quantum
state with a metastable exciton is another stable quantum state of quantum dots in
classical space, and therefore it is another quantum object. Moving quantum objects
in a liquid without internal friction is the basis for the implementation of a super-
fluid quantum liquid, regardless of temperature. Superconductivity can be realized
regardless of the temperature on the same quantum entanglement resource, but for
this it is necessary to confuse the quantum states of charged qubits.

Practical significance and novelty lies in the fact that quantum teleportation
allows you to register super-weak forces. Obviously, a super-weak force can impart
to a super-small mass a sufficiently large acceleration, which is easy to register,
especially in the absence of internal friction. On this basis, the possibility of devel-
oping super sensitive sensors, for example, for registration of gravitational waves,
but in the size of an ordinary laboratory table opens.

To conclude this section, we formulate the physics of the quantum teleportation
process of entangled quantum states. The obvious condition of quantum teleporta-
tion is that entangled quantum states must occupy a macroscopic volume. It is the
volume in which the geometric displacement of quantum states takes place. In this
work, this volume determines the geometry of the input optical beam, as well as,
for example, in [20]. This optical beam light induces a second stable quantum state
(QD with a metastable exciton) from the first state (QD in the ground quantum
state), in other words, the optical beam generates classical two-level qubits, which
at a sufficiently high concentration self-organize into a quantum state of quantum
superposition with 2" entangled quantum states. Decoherence takes place under the
influence of both internal and external forces. It is under the action of these forces
that the “disentangling” of 2" quantum states into one of the stable states [0) or
|1) of each individual qubit from N classical qubits takes place. The concentration
distribution of these particular qubits is easily measured, since they are already in
the classical space. The specific geometrical place where the quantum states |0) or
|1) fall into is determined by internal forces (concentration compression as QDs
accumulate with a metastable exciton) or external forces (whistle of the beam trace
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profile pattern). An analogue of the physics of such teleportation is the precipita-
tion of raindrops (quantum states) from a macroscopic rain cloud (quantum
superposition) under the action of internal forces (for example, the turbulent
distribution of condensation centers) or external forces (for example, turbulent
flows or wind gusts).

3. Quantum gravity as macroscopic force

Quantum gravity is a well-established term in the framework of the creation of
the unified field theory, and this term means a quantum description of gravitational
interaction. Obviously, the process of describing the gravitational interaction is not
related to the emergence of gravitational force, as a fundamental force that plays a
key role in nature. I propose to return quantum gravity to its original meaning as
the primary source of interaction forces in nature. Quantum mechanics and general
relativity are two fundamental theories that underlie the theory of quantum gravity.
But, these theories are based on supposedly different a conceptual principle, which
does not allow creating a unified field theory based on the theory of quantum grav-
ity. Direct experiments in the field of quantum gravity are inaccessible to modern
technologies due to the weakness of gravitational interactions. This is only a short
list of difficulties that arise when trying to understand what quantum gravity is.

I propose to combine the supposedly different conceptual principles of quantum
mechanics and the general theory of relativity not to create a theory of Kant’s grav-
ity, but for the experimental realization of quantum gravity as a macroscopic force.

Obviously, any quantum object has mass. Then, the gravitational interaction
between these objects, as bodies having a certain mass, is called quantum gravity by
analogy with the classical concept of gravity. The mass of quantum objects is very
small, and then it is obvious that the force of such quantum gravity, due to mass,
can play a significant role and be detected at very small distances. It is believed that
this distance determines the absolute unit of Planck’s length, which is 107> cm.
Penetration into the scale of units of length and Planck’s time requires the creation
of a density of 10 cm™ objects. For this you need to build a collider size, probably
from the Milky Way. These are supposedly obvious direct experiments, the technol-
ogy of which cannot be realized at the present time.

I propose another technology for creating quantum gravity as a macroscopic
force precisely on the basis of the conceptual compatibility of quantum mechanics
with the general theory of relativity. For this, I propose to assume that quantum
gravity, as a force, is the result of the space-time curvature of the field from the
point of view of the general theory of relativity. And from the point of view of
quantum mechanics, the source of quantum gravity should bend the space-time
field at the quantum level. The moving mass creates a curvature of the space-time
field in classical space; therefore it is the source of classical gravity. Then, by anal-
ogy, quantum gravity should arise as a result of a quantum process that bends the
space-time field at the quantum level. Such a process exists and is generally known.
This process is the transition of any quantum object from one quantum state to
another quantum state, since the wave function of any quantum state transforms
itself in space and time, and therefore bends space-time, with any change of
quantum states. This is a well-known and generally accepted experimental fact. It is
obvious that the curvature of the space-time field and, therefore, quantum gravity,
as a force, will increase with an increase in the number of such quantum transitions.
I propose to consider a quantum state called quantum superposition as a kind of
quantum space that contains 2" entangled quantum states, where N is the number
of quantum objects that participate in quantum superposition. The reason for this
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proposal is simple. Only quantum superposition provides an exponential increase in
the number of quantum states and, thus, entangles all quantum states of quantum
superposition and provides an exponential increase in the number of transitions of
quantum objects from one state to another as a result of decoherence of quantum
superposition. Indeed, quantum superposition, for example, from N = 1000 quan-
tum objects contains 2'°%° = 10*”' entangled quantum states, which become N = 10°
stable quantum states in the classical space during the collapse (decoherence) of
quantum superposition. Therefore, decoherence of quantum superposition of 1000
objects provides 10%® mutual transitions of quantum states, which is many orders
of magnitude greater than the density of quantum states necessary for experimental
work on the scale of absolute Planck units.

3.1 The results of the experiment and discussion

The experimental results of part 2 of this article substantiate the teleportation
of quantum dots with a metastable exciton under the action of external classical
forces. This teleportation is the result of quantum teleportation of the “metastable
exciton” quantum state. This result looks like a fantasy, but this result is a physical
reality, since the qubit is a quantum object in two stable basic states. This means
that a qubit in the state (QD in the ground state) and a qubit in the state (QD with a
metastable exciton) are different quantum objects in the classical space. Figure 1b
shows the transformation of the pattern of the beam trace profile in the process
of achieving a steady state. A nonlinear optical response is formed as a result of a
photoinduced change in the refractive index. QDs with metastable excitons are the
direct source of this photoinduced refractive index. Therefore, the stationary state
of the nonlinear response is established when the concentration of quantum dots
with a metastable exciton is established in the stationary state. And this is due to
the accumulation of quantum dots with a metastable exciton, as a state with a long
relaxation time. Therefore, the unique flattening of the upper half of the beam
profile pattern should be associated with the accumulation of QDs in the state. The
experimental results of Figure 5 confirm this statement and show how the beam
trace profile “comes” to its stationary state when the colloid was in the position
z = —25.5 cm = —492. The input optical beam had a radius w = 1374 um, which
causes sufficiently long diffusion times for the accumulation of quantum dots with
a metastable exciton. This makes it possible to record all stages of the transforma-
tion of the beam trace profile in sufficient detail, since the registration took place
with a digital camera with an interval between frames of 40 ms. Another “high-
light” of the experiment in this position along the Z axis is that the intensity of the
input optical beam was ~1 W cm™.

The fact is that the authors of almost all works consider that if the optical
medium absorbs optical radiation, then the nonlinear optical response is thermal
nonlinearity. Thermal nonlinearity is a consequence of a decrease in the density
of the optical medium as a result of its heating. The non-linear thermal lens is, as a
rule, negative and it defocuses the optical beam. The defocusing of the optical beam
manifests itself as an increase in the size of the beam trace profile on a remote screen.

Figure 5 shows, with all the evidence, that the size of the beam trace profile
coincides with the size of the input beam trace profile during the entire time of
establishment of the steady state. This means that there is no thermal nonlinear
lens, and a unique transformation of the output beam profile pattern is present.
Therefore, the flattening of the beam trace pattern is a result of the action of forces
that increase with the accumulation of QDs with a metastable exciton.

The obvious direction of action of these forces is shown in Figure 6, which shows
the transformation of the pattern of the beam trace profile in the position of a cell
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The photographs represent the profile of the beam trace in the process of establishing a steady state. The
numbers have time after the start of the lighting. (a) Represents the beginning of the development of
transformation; (b) shows the relaxation of the beam trace size to the stationary mode.

40 ms 180 ms 1600 ms

Figure 6.
Transformation of the pattern of the beam traces profile when the cell was in the waist of the input beam. The
numbers have time after the start of the lighting.

with a colloid near the waist of the input optical beam. The input beam has a maxi-
mum intensity, and it illuminates the minimum volume of the nonlinear medium
in this position. Therefore, the curvature of the wave front of the light-induced
lens increases in comparison with the curvature at positions far from the waist of
the input beam. The optical power of this lens also increases. The size and number
of rings of the beam trace profile pattern increases, and the time to steady state

is reduced. The files videos 1-3.gif demonstrates the transformation of the beam
trace profile for this position of a colloid cell in real time. Collapse (self-focusing)
of the optical beam takes place at the very beginning of illumination of a nonlinear
medium. A typical Townes profile [21] is formed in the first 40 ms after the start of
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illumination. A dozen rings are formed already to 120 ms after the start of illumina-
tion. The increase in the number of rings and the simultaneous “lowering” of the
whole pattern of the beam trace profile downward is observed in the time interval
160-600 ms after the start of illumination. Subsequently, the upper half of the beam
trace continues to descend, forming only three contrasting rings that do not “go”
beyond the horizon, as atz = —48g and the rings of the pattern of the lower half of
the beam trace profile “tighten” to their center, which is located on the axis of the
input optical beam. As an example, the ninth from the outer ring, marked by a dot
in Figure 6 (280 ms), is shifted to the place of the 11th ring (1600 ms) during the
time interval of 280-1600 ms after the start of illumination. Thus, we see that the
upper half of the beam trace profile descends almost to the axis of the input beam,
while the lower half of the interference pattern descends first and then, after some
time, “tightens” up to the axis of the input beam. This is one of the key results of the
experiment, and it indicates that the light-induced force is directed to the center of
the input optical beam, i.e., it is directed to the axis of the optical beam.

The photos in Figure 7 demonstrate the pattern of the beam trace profile when the
colloid shines through in the vertical “bottom-up” direction. It can be seen that the
beam trace profile remains axisymmetric all the time. Transformation of different parts
of the beam trace profile is absent.

Obviously, the horizontal scanning of the colloid differs from the vertical in
that the gravitational force of the Earth is directed perpendicular to the beam axis,
whereas with vertical scanning the gravity force is parallel to the beam axis. In other
words, we are in a situation where two mechanical forces have different directions.
One force is terrestrial gravity, and it is directed vertically downwards, and the
other force is light-induced force and it is directed to the axis of the optical beam.
Then, the resultant force is the sum of two forces in the upper half of the beam trace
profile, and there is the difference of these forces in the lower half of the beam trace
profile. As a result, the upper half of the beam profile is compressed almost com-
pletely, and the lower half of the profile is compressed slightly.

Section 2.2 of this paper justifies the property of QDs to form quantum super-
position with 2"V entangled quantum states under CW-illumination by an optical
beam. The continuous repeating cycle “self-assembling quantum superposition—
decoherence of quantum superposition—and self-assembling again” provides an
unimaginably large number of quantum transitions “N states—in 2" quantum
states—decoherence in N states.” These quantum transitions provide, in turn, an
unimaginable number of curvatures of the space-time field with quantum objects,
which are QDs. And this is quantum gravity in the literal sense: quantum gravity is
mechanical force. Judging by the results, for example, in Figure 5, the light-induced
quantum gravity force somewhat exceeds the force of the earth’s gravity, since the

40 ms 120 ms 320 ms K00 ms 1960 ms
Figure?7.

Profiles of the beam trace profile reflect the transformation of the progeny when the nonlinear medium shines
through in the vertical direction: from bottom to top.
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sum of these forces flattens the pattern of the upper half of the beam almost com-
pletely, and the difference of these forces slightly affects the pattern of the lower
half of the beam trace profile.

The practical significance of such a force of quantum gravity solves the long-
term problem of thermonuclear fusion of nuclei. The modern concept of nuclear
synthesis suggests that plasma temperatures of 10°~10° K will provide automatic
synthesis of nuclei with a positive energy output. This concept is based on experi-
mental results that are obtained repeatedly on particle accelerators. The real
synthesis of nuclei in the H-bomb takes place, ostensibly, both because of the high
temperature and because of the extremely high pressure, which arises as a result of
the material being compressed by X-rays. X-ray radiation is an external force that
can, in principle, compress the material, but this force is external and due to various
kinds of fluctuations in the material, uniform compression is impossible, in prin-
ciple. Quantum gravity is an internal force and, precisely, internal forces are capable
of compressing the material evenly. Therefore, the real role of X-rays in the H-bomb
is to create a quantum superposition of such a large N, that quantum gravity in the
material of the H-bomb can be comparable to gravity in the center of the sun. The
result is—1lit a piece of the sun in terrestrial conditions.

4, Conclusion

In conclusion, the concept of quantum gravity was proposed for the first time as
a force that arises as a result of the space-time field curvature at the quantum level
when a quantum object passes from one state to another quantum state. The con-
cept of real quantum space was first proposed as a quantum state of a multi-particle
quantum superposition of N quantum objects, which contains 2" entangled quan-
tum states. The decoherence of quantum superposition takes these 2" entangled
quantum states into one of two stable quantum states for each of the N quantum
objects. This process provides an exponential increase in the number of quantum
transitions, and, thus, can provide conditions in which the force of quantum gravity
reaches a macroscopic value.

Multi-level semiconductor quantum dots were first proposed as light-induced
g-bits. The second stable quantum state of these ¢-bits is effectively separated from
other excited quantum states of quantum dots due to the large relaxation time,
which are six orders of magnitude longer than the relaxation time of other excited
states of quantum dots. Light-induced charges carriers can be captured by surface-
trapped QDs states and, thus, form an exciton with a long diffusion relaxation
time. Such a quantum state of QDs is called QDs with a metastable exciton. Such
QDs have a large individual additive to their refractive index due to the large spatial
separation of charge carriers. The registration of the space-time redistribution of
individual QDs was performed for the first time as the registration of the wave aber-
ration pattern of the light-induced wavefront of the QDs suspension. This picture
was the actual distribution of the refractive index in the volume of the QDs suspen-
sion illuminated by a laser beam. The experiments were performed under continu-
ous illumination of the QDs suspension with a laser beam. This means that the
quantum space (quantum superposition) functioned continuously according to the
pattern of communication with the classical space: “creating a quantum superposi-
tion—decoherence of a quantum superposition—creating a quantum superposition
again—decoherence of a quantum superposition again—and so on. Decoherence
is the transition of entangled quantum states of quantum superposition into one
of the stable quantum states in classical space. These two stable quantum states
had different amounts of addition to their refractive index. It was these states that
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changed the light-induced wavefront in a QDs suspension, whose wave aberrations
were recorded as a beam trace profile on a remote screen.

The experimental results show that two light-induced fundamental processes
manifest themselves in the QDs suspension, which were revealed due to a signifi-
cant change in the lighting conditions of the QDs suspension (Z-scan range from
z = —49zp to z = + 602p) and time measurements, as the QDs suspension comes in its
stationary state. The nonlinear optical response of the QDs suspension, as a nonlin-
ear optical material, is the first process, the maximum value of which is achieved at
g = ~2o. The emergence of a certain light-induced force, which flattens the upper half
of the beam trace profile during horizontal scanning QDs suspension, is the second
fundamental process. Such flattening of the beam trace profile manifests itself to the
greatest extent under conditions when there is no nonlinear-optical response (very
large detuning of Az from the beam waist). The flattening of the beam trace profile
is absent when the QDs scan suspension is vertically translucent, which suggests that
the flattening of the beam trace profile has a gravitational basis. An analysis of all the
details of the experiment allows us to conclude that the macroscopic force of quan-
tum gravity was first implemented in the simplest laboratory conditions.

The result is fundamentally new; we can say there is a revolutionary one, not only
for quantum physics, but also for the entire world view, from cosmology to the func-
tioning of all life. Naturally, this result does not coincide with the modern concept of
the development of quantum physics, especially if we take into account the complete
absence of the mathematical apparatus for quantum space, therefore, the result is fun-
damentally new. The experimental results shown in this article, for example, quantum
teleportation based on the formation of a macroscopic wave function, justify fantastic
possibilities to realize the Bose-Einstein condensate regardless of temperature.
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Chapter 5

Quantum Dot Light-Emitting
Diode; Structure, Mechanism, and
Preparation

Ning Tu

Abstract

Quantum dot light-emitting diode (QLED) attracted much attention for the
next generation of display due to its advantages in high color saturation, tunable
color emission, and high stability. Compared with traditional LED display, QLED
display has advantages in flexible and robust application, which makes wearable and
stretchable display possible in the future. In addition, QLED display is a self-emissive
display, in which light is generated by individual subpixel, each subpixel can be indi-
vidually controlled. Each subpixel in LED display is constituted by liquid crystal and
color filter, which make LED display have lower power efficiency and less enhanced
functionality. This chapter introduces the QLED based on the QLED structure and
light-emitting mechanism of QLED. Then, a novel method for fabricating QLEDs,
which is based on the ZnO nanoparticles (NPs) incorporated into QD nanoparticles,
will be introduced. The QLED device was fabricated by all-solution processes, which
make the QLED fabrication process more flexible and more suitable for industri-
alization. What is more, as QLED devices were planned to integrate into a display,
all-solution fabrication processes also make printing QLED display device possible in
the near future.

Keywords: quantum dots, light-emitting diode, display, quantum dot light-emitting
diode, material, printing

1. Introduction

After QLED was first published in 1994, a lot effort had been spent to improve
the reliability and performance of QLED devices [1, 2]. The first QLED device uses
thick QDs acting as both the emission layer and electron transport layer, which
can be referred to in Figure 1(a) and (b). The luminous efficiency of QLED device
has been improved by the use of electron injection layer. Coe et al. published a
sandwiched QLED structure in 2002, which consisted of two organic thin films
with QDs as the emission layer. The luminescence was improved 25-fold over the
best results of the previous QLED device, as shown in Figure 1(d) [3]. The QLEDs
use Alq3 and poly-TPD as the electron transport layer, as shown in Figure 1(c).
However, the organic thin layers were sensitive to moisture and oxygen. Thus,
replacing organic material with inorganic material seems to be the best solution to
improve the reliability of the QLED device. Mueller et al. fabricated an all-inorganic
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Figure 1.

Structure designs and material designs for efficient QLEDs. (a) Energy-level structuve of the first QLED. (b)
Electroluminescence of the first QLED [1]. (c) Electroluminescence spectra and structures for a 40-nm-thick
film of Alg3, followed by a 75-nm-thick Mg:Ag cathode with a 50 nm Ag cap. (d) The corresponding external
quantum efficiency [3]. (¢) QLED structure consists of p-type GaN and n-type GaN. (f) Electroluminescence
of QLED consists of p-type GaN and n-type GaN [4]. (¢) QLED structure with metal oxide as the electron
transport layer with layer-by-layer structuve in emission layer. (h) Electroluminescence and photoluminescence
of the QLED with metal oxide as the electron transport layer with layer-by-layer structuve in emission layer [5].
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QLED in which QDs were sandwiched by n-type GaN and p-type GaN. Figure 1(e)
shows the structure of QLED with GaN, while Figure 1(f) shows the corresponding
electrical performance. Mueller et al. used metal-organic chemical vapor deposi-
tion (MOCVD) method to deposit n-type GaN and p-type GaN [4]. However, the
deposition method is too harsh for QDs that make the luminescence efficiency
lower than the first type of QLED device. Then in 2010, Bendall et al. demonstrated
an all-inorganic QLED with metal oxide as the electron transport layer. The QLED
had alayer-by-layer structure, which had three-layer emission layers as shown in
Figure 1(g) and (h) [5]. The overall device performance was still poor which is
caused by the degradation of QDs during the harsh deposition process of inorganic
materials. However, these devices showed condescending stability under long-term
usage and high current density conditions.

The organic materials had an advantage of high luminescence, while inorganic
materials had an advantage of high reliability. Then the researcher combined
the advantage of both organic materials and inorganic materials by using both
organic materials and inorganic materials as the electron transport layers. MoS,,
NiO, TiO,, and ZnO have been reported as the inorganic charge transport layers
(CTLs) [6-8].

According to the type of electron transport layers, the structure of QLEDs can
be categorized into four different types (Figure 2): (a) organic/QD bilayer, (b)
all-organic electron transport layer, (c) all-inorganic electron transport layer, and
(d) organic/inorganic electron transport layer. The four different types of QLED
structure also represent the development history of QLEDs in sequence.

Among these four types of QLED structure, inorganic materials are one of the
most important choices for electron transport layers owing to their high electrical
conductivity and good stability against environmental factors such as oxygen and
moisture. ZnO nanoparticles (NPs) applied in electron transport layer are a signifi-
cant breakthrough in QLED development history, due to their excellent electron
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(a) Organic single (b) All organic
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(c) All inorganic electron (d) Organic inorganic
transport layer electron transport layer
Figure 2.

Four representative QLED structure types based on electron transport layers. (a) Organic polymer electron
transport layer, (b) all-ovganic polymer electron transport layer, (c) all-inorganic electron transport layer, and
(d) organic/inorganic electron transport layer [1-10].
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mobility and no significant damage to the underlying QD layer during fabrication

process. What’s more, ZnO NPs are compatible with both polar solvent and nonpo-
lar solvent, which makes the QLED fabrication process more flexible. More details
about ZnO NPs will be introduced in Section 3.

2. Light emission mechanism of QLED

The emission mechanism of QLED is discussed in this subsection. A QLED has a
similar structure and behavior as an OLED. In the QLED, the emitter is a semicon-
ductor nanoparticle, while in the OLED, the emitter is an organic material.

2.1 Electron molecular orbital

Once a molecular orbital achieved the maximum electron energy, it is called the
highest occupied molecular orbital (HOMO). Otherwise, if a molecular orbital has
unfilled electrons, the molecular orbital is called the lowest unoccupied molecular
orbital (LUMO). The energies of HOMO and LUMO affect the ionization potential
and electron affinity of materials (Figure 3) [12].

Ionization potential energy is the minimum energy required to extract one
electron from the HOMO, and electron affinity is the energy required to add one
electron to the LUMO so that the system is stabilized [11, 12].

Before considering the light emission mechanism, it is important to under-
stand the electron configuration in both the ground state and the excited state.
Before excitation, when in ground state, the electrons are placed with both
upward spin and downward spin (Figure 3). When excited, the electrons in the
upper state are allocated with the same spin state, or the spin is reversed. The
light emission is resulting from the energy transfer from the excitation state to
the ground state.

2.2 Electron transfer and recombination

Normal materials in QLED have high resistance at weak electric fields. Therefore,
researchers introduced the thin film to create strong electric field and chose

LUMO
HOMO

Figure 3.
The orientation of the HOMO and LUMO [12].
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structures and materials suitable for charge injection [13]. The QLED performance
is highly dependent on the choice of charge injection materials. Good charge
injection materials should have high carrier mobility and balance the electron/hole
injections well. The charge injection from electrodes follows the Schottky effect that
means the injection barrier would be lowered according to the image force principle.

When an electron is injected into the electrode, if all the HOMO orbitals are
occupied and cannot accept the additional charge, the charge will be transferred
into the LUMO. When electrons are transferred into the LUMO, they form an elec-
tric current. At the same time, there will be a hole injected from the anode electrode
which will be transferred into the HOMO. However, when the amount of injected
charge exceeds the internal charge amount, the conduction system changes from
ohmic to “space charge-limited current” [12-14].

If charge transfer by electric field and diffusion is taken into account and no trap
is assumed, the electric current can be expressed as Eq. (1):

9 5/4V2
J_§ d3 (1)

According to Eq. (1), the electric current is proportional to the square of the
voltage. This is called the Mott-Gurney law, an extension of Child’s law that takes
collision into consideration [15].

The recombination and generation of excitons of QLED are shown in Figure 4.

When an electron and a hole recombined in the emission layer, the photons
formed, whose wavelength corresponds to the energy bandgap of the quantum dots.
The more electron and hole are recombined, the more photos will be generated,
which corresponds to more light we could detect. Thus, people applied the hole
transport layer (HTL) and electron transport layer (ETL) to restrict the electrons
and holes in the emission layer, in order to improve the device efficiency. There are
five typical layers for a QLED structure:

* Electron transport layer (ETL)—for electron injection from the cathode and
transportation of the electron.

* Electron injection layer (EIL)—for electron injection from the cathode
electrode.

* Hole transport layer (HTL)—for hole transportation from HIL to EML.

L4

Recombination — Emission

Energy

Figure 4.
The energy diagram of QLED.
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* Hole injection layer (HIL)—for hole injection from the anode electrode.

* Emission layer (EML)—electron/hole transportation and their recombination
to form an exciton; this is the QD layer in QLED.

This direct injection of charge carriers is assumed as the most common phenom-
enon for creating an exciton in the device.

In Section 1, the QLED structure types are elaborated. Thus, it is very important
to design a QLED by factoring in the relationships between the work function of
each layer. The QLED device fabrication process will be discussed in Section 3.

2.3 ZnO nanoparticles

Behind the QLED structure, the ZnO nanoparticles (ZnO NPs) have gained
substantial interest in the research community as the charge transport layer (CTL).
In 2008, Janssen [8] and co-workers demonstrated all-solution-processed multilayer
QLEDs by using ZnO NPs as ETLs and organic materials as HTLs. The colloidal
ZnO NPs were dispersed in isopropanol, and the deposition of the ZnO NPs on the
top of the QD layers did not dissolve the underlying layers. Since then, continuous
efforts were made to improve the performance of QLED with solution-processed
n-type oxides as CTLs. ZnO NPs are widely used as CTLs in the state of the art of
high-performance QLEDs.

Generally, solution-processed oxide CTLs can be deposited by two approaches,
the precursor approach and the nanocrystal approach. The molar ratio of zinc
precursor to potassium hydroxide (KOH) played an important role in determining
the shape of ZnO NPs and hence affected the conductivity and mobility of ZnO NP
film prepared from ZnO NPs [15-17]. ZnO NPs were synthesized by hydrolysis/
condensation reactions under basic conditions. The synthesis procedure will be
introduced in Section 3.

3. QLED fabrication by spin coating
3.1 Experimental chemicals

Detergent TFD4 was purchased from BioLab, PEDOT:PSS 4083 from Heraeus,
poly-TPD (LT-N149) from Luminescence Technology Corp Ltd., patterned ITO
glass from Xinyan Technology Ltd., green (CdZnSeS/ZnS) quantum dots from
Suzhou Mesolight Inc., and zinc acetate dihydrate powder, potassium hydroxide

flakes, acetone, isopropyl alcohol, methyl alcohol, chloroform, and chlorobenzene
all from Aldrich.

3.2 Synthesis of ZnO nanoparticles

The uncleation-dissolution-recrystallization growth method [16] was applied to
synthesize the ZnO nanoparticles. Firstly 0.37 g potassium hydroxide was dissolved
in 16.25 ml methyl alcohol. Then zinc acetate dihydrate solution was prepared
by adding 0.74 g zinc acetate dihydrate in 31.25 ml methyl alcohol at 60°C under
vigorous stirring. Then the potassium hydroxide solution was jetted into the zinc
acetate dihydrate solution at the rate of 0.8 ml/min. The reaction takes around 1.7 h
under N, protection condition. After the reaction, the solution was allowed to sit
for another 2 h to let the ZnO nanoparticles settle at the bottom of the reaction
flask. The ZnO nanoparticles were washed twice by methyl alcohol. Then the ZnO
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nanoparticles were dispersed in chloroform and isopropyl alcohol mix solution at
the concentration of 35 mg/ml.

Transmission electron microscopy (TEM, JEOL JEM 2010) was applied to
characterize the morphology of the nanoparticles.

3.3 QLED device preparation

The patterned ITO glass was cleaned by detergent, methyl alcohol, acetone, and
isopropyl alcohol in turn, each sonication for 20 minutes. After cleaning, UV ozone
plasma was applied for surface energy modification. PEDOT:PSS was spin-coated on
the cleaned ITO surface at 3000 rpm for 30 s and then baked under vacuum at 150°C
for 30 min. Then hole transport layer (HTL) was prepared by spin coating poly-TPD
on the annealed PEDOT:PSS surface at 3000 rpm for 60 s and baking at 100°C for
30 min under vacuum protection. Quantum dots were also deposited on the annealed
poly-TPD surface by spin coating at 3000 rpm for 30 s. Then the synthesized ZnO
nanoparticle solution was spin-coated at 1500 rpm for 60 s. The baking temperature
is 60°C for 30 min. The cathode was deposited by vapor deposition method. A more
detailed QLED device fabrication process was mentioned in previous work [2].

3.4 Results and discussion
3.4.1 ZnO nanoparticle analysis
The concentration of precursor, evaporation rate, and the time of reaction were

all significant synthetic parameters, which affected the growth of ZnO nanoparticel
dimensions and structures. Figure 5 shows the TEM images of the as-synthesized

Figure 5.
TEM images of two different sizes of ZnO NPs. (a, b) veaction times of 105 min and (c, d) 8o min.
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ZnO NPs from a well-dispersed ZnO colloidal solution carried out with the refer-
ence condition. To investigate the effect of reaction time on the growth morphol-
ogy, reaction times of 80 and 105 min were carried out. The nanoparticle’s size is
smaller in the reaction of 105 min than in the reaction of 80 min. Moreover, the
crystal lattice fringes are more clearly observed in the 105 min reaction sample
rather than in the 80 min reaction sample. According to confinement effect,
particles with smaller diameter would have higher energy. Therefore, the ZnO NPs
used for QLED preparation are the smaller ZnO NPs.

In order to analyze the bandgap and quantum effects of the different ZnO NPs,
their absorption and photoluminescence spectra need to be measured, which will be
processed in future study. The energy bandgap (Eg) of the colloidal ZnO nanopar-
ticles is determined from the intercept between the wavelength axis and the tangent
to the linear section of the absorption band edge. The energy bandgap of ZnO NPs at
2.9 nm is 3.65 eV. The energy bandgap for the 5.5 nm ZnO NPs was 3.35 eV [17], while
the energy bandgap of bulk ZnO is 3.2-3.3 eV [18], which is lower than the energy
bandgap of ZnO NPs. It is found that the tendency of energy bandgap enlargement
with decreasing size is consistent with the relationship based on effective mass
approximation. Therefore, the reaction of 105 min can obtain smaller ZnO NPs than
the ZnO NPs in the reaction of 80 min. In addition, the lattice fringes can be clearly
observed in the TEM images, which suggests good crystallinity of the ZnO NPs.

3.4.2 QLED device performance and analysis

Figure 6(a) shows the structure of the QLED device, while Figure 6(b) shows
the energy band diagram of the QLED device. The QLED device is a multilayer
structure, which consists of PEDOT:PSS, poly-TPD, QDs, ZnO NPs, and Al The
thickness of each layer was measured by the surface profile (Alpha-Step 200
Tencor). Figure 7 shows the TEM image of quantum dots; the diameter of the
quantum dots was around 7 nm.
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Figure 6.
(a) The QLED device structure and (b) the QLED device energy-level diagram.
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201

Figure 7.
The TEM image of green QDs from Mesolight.

The energy-level diagram in Figure 6(b) illustrated that the electrons and holes
can be easily recombined together in the emission layer. Because ZnO NPs have a
wide energy bandgap, the holes can be stored in the quantum dot layer. At the same
time, poly-TPD’s energy bandgap is from —2.3 eV to —5.4 eV. —2.3 eV is larger than
—3.8 eV, which can also restrict electrons in the quantum dot layer. What is more,
adding PEDOT: PSS layer and poly-TPD layer reduces the energy gap for holes
jumping into the emission layer (quantum dot layer). The introduction of ZnO NPs
has a similar function as PEDOT:PSS and poly-TPD, which confine the excitation
and recombination region, hence potentially improving the efficiency of photon
generation. The thin layer structure of QLED device makes it a promising candidate
for the next generation of flexible displays.

Figure 8 shows the device performance analysis. The turn-on voltage is shown
in Figure 8(a), which is between 2 V and 3 V. The low turn-on voltage is due to
the high electron mobility of the ZnO NPs and the design of the QLED structures.
When there is a current applied to the device, the electrons can easily be injected
into the emission layer, while the holes can also flow to the emission layer easily and
be restricted by the ZnO NP layer. At the same time, the electrons accumulate at the
interface of the poly-TPD/quantum dots due to the ~1.5 eV energy offset between
the LUMO of poly-TPD and quantum dots. When one high-energy hole can be
obtained after absorbing the energy released from the interfacial recombination
of an electron/hole pair, the high-energy holes can cross the injection barrier at the
poly-TPD interface and recombine with the electrons inside the QD layer and then
emit photons. This is called the Auger-assisted hole injection [14, 19]. Therefore, the
high electron mobility of ZnO nanoparticles and the band alignment structure can
facilitate the hole transport and balance of the carrier injection of the device.

The electroluminance (EL) spectra of the QLED under different voltages are shown
in Figure 8(b). The inserted picture is the QLED device. The EL intensity of the QLED
device increases as the applied voltage increases. The wavelength is 534 nm with the
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versus the voltage (J-V) curve, (b) the QLED electroluminance spectra as the

applied voltage increased and (c) the 1931 CIE coordinate of QLED.

full width at half maximum (FWHM) value is 44 nm through the spectrum. The peak
wavelength of QLED electroluminance spectra is 2 nm red shift compared with the
peak wavelength of QD solution, which might be because of the dot-to-dot interac-
tions in the close-packed solid film. Moreover, the electric field induced the Stark effect
[20]. The 1931 CIE coordinate after emission is (0.31, 0.66) as shown in Figure 8(c).
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4, Conclusions

This work discussed the structure and mechanism of QLED and demonstrated
an all-solution process of QLED in the last section. The QLED has high luminance
with low turn-on voltage. These properties, caused by the use of ZnO NPs, improve
electron injection and enhance radiative recombination. The resulting QLED
fabrication process also makes printing QLED a possible method in the future.
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Nomenclature

QLED quantum dot light-emitting diode

QD quantum dot

DOD drop on demand

HDTV high-definition television

CRT cathode-ray tube

LCD liquid crystal display

LED light-emitting diode

OLED organic light-emitting diode

PEDOT:PSS  poly(ethylenedioxythiophene):polystyrene sulphonate
ZnO NPs zinc oxide nanoparticles

ITO indium tin oxide

Poly-TPD poly(N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine
EGBE ethylene glycol butyl ether

ODA octadecylamine

TOPO trioctylphosphine oxide

DMSO dimethyl sulfoxide

HTL hole transport layer

HIL hole injection layer

EIL electron injection layer

ETL electron transport layer

EML emission layer

HOMO highest occupied molecular orbital

LUMO lowest unoccupied molecular orbital

A wavelength

h Planck’s constant h = 6.63 x 107*Js

P particle momentum

E the energy of a single particle in free space
m mass of a single particle in free space

v the velocity of a single particle in free space
k the magnitude of the wave vector

L standing wave/the diameter of QDs

J current density

p carrier mobility of materials

\% voltage

€ dielectric constant

d the thickness of the thin film

FWHM full width at half maximum
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Quantum dots (QDs) are luminescent semiconductor nanocrystals with unique
chemical and physical properties due to their size and highly compact structure.
QDs were first proposed for use in luminescent concentrators to replace organic dye
molecules. In this book, the interest is in taking advantage of the emission properties
of QDS, which can be tuned by their size, resulting from quantum confinement. In
addition, the book discusses the potential of QDs as contrast and therapeutic agents in
the field of medicine.
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