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Chapter 1

Chapter 1

Introduction

With the rapid development of nanotechnology, colloidal semiconductor nanocrystals
research is currently a topical area of scientific interest due to its excellent size dependent
physical and optical properties. Nanocrystals are often referred to as "artificial atoms",
which are characterized as adjustable emission wavelength according to the size, wide
absorption range and fast luminescence decay time. Since the first controlled synthesis of
colloidal nanocrystals in 1993[1], the synthetic technique is continuously improved,
making it possible to prepare the nanocrystals with various sizes, compositions and
shapes. In the past 20 years, breakthroughs have been made from the traditional II-VI and
II-V groups to the very promising perovskite nanocrystals, and the synthesis of
nanocrystals with different shapes, such as nanorods and nanoplatelets, are also enriching
the application prospects. However, the increased Coulomb interaction between electrons
and holes on the nanoscale significantly increase the non-radiative Auger recombination
rate which becomes the major pathway for charged exciton and multiexcitons
recombination, resulting in the decrease of fluorescence yield. This has become an
important obstacle for nanocrystals in multi-carrier related applications. The appearance
of heterostructures greatly improved the stability of nanocrystals, and also provided a
great opportunity to significantly reduce non-radiative Auger recombination. To date,
nanocrystals have demonstrated the outstanding optical performances in a wide range of
applications including TV screens, light-emitting diodes, lasing media and solar cells[2—
5]. In addition, the potential applications of nanocrystals are still being explored, in which
the scintillation materials in the form of nanocrystals have recently been received great
attention in the scientific field.

A scintillating material (scintillator) is a kind of converter transforming the energetic
photon or particle (ionizing radiation) into low energy UV/visible photons. With the
discovery of X-rays by Roentgen in 1895[6] and the emergence of the photomultiplier
tube, the research of scintillators has made great progress, the scintillators have been
discovered in various crystalline and non-crystalline media, one of the most used of
which is the thallium-activated sodium iodide (Nal:T1l). Up to date the scintillator-based
radiation detectors are widely used in nuclear medicine, high energy physics, homeland
security and industrial non-destructive testing[7]. The selection of the scintillation
materials depends on the particular requirements of the considered application. With the
deepening of the understanding of fundamental mechanisms underlying scintillation
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process, more and more materials are available and the properties of scintillators are
constantly improving. At present, bulk materials still occupy the commercial scintillator
market. In order to improve specific performances (timing, energy resolution...), new
scintillating materials are still a very hot research direction.

Research on radiation detection related to nanocrystals gradually emerged in recent
years. The first configuration was reported in 2006 and applied to the detection of gamma
rays[8]. Subsequent research on nano-scintillators focused on the combination of
nanocrystals with bulk materials[9,10]. Recently, scintillator in form of perovskite
nanocrystals was demonstrated with remarkable performance[11]. Unlike the traditional
bulk scintillators, the output wavelength of nanocrystals can be tuned span the visible
light emission such that it can well match with the peak spectral sensitivity of the
photomultiplier tube to improve the overall detection efficiency. Moreover, nano-
scintillators have the advantages of liquid processing and convenient mass production,
which can avoid the complicated procedures of high temperature fabrication and address
the problem of high cost of scintillation materials. And some specific application benefit
of the nanosize like in photodynamic therapy under X-rays [12,13].

In spite of many attempts have been devoted so far on different types of nano-
scintillators, the scintillation mechanism in nanocrystals is still not fully described. A few
articles have reported the process of energy deposition and relaxation in nanocrystals
after energetic excitation. The interaction of materials with high-energy radiation
basically produces a shower of high-energy electrons, which will multiply, thermalized
and excite emitting centers. Due to the very small size, below the main migration
distances of the involved species, the energy deposition and the distribution of excited
states in nanocrystals will be significantly different from bulk materials. In addition,
regarding the identification and quantification of excited states under high-energy
electrons was reported[14], the preliminary observation indicated that after initial
electron shower, in the process of energy relaxation down to band states within a
nanocrystal, carrier multiplication and electrons scattering played an important role,
leading to the formation of multiexcitons states and charged exciton states. Meanwhile,
they also pointed out that Auger recombination seriously hindered the development of
nano-scintillators. We believe that a more comprehensive understanding of the
scintillation mechanism in nanocrystals is needed to improve and discover novel
scintillation materials.

1.1 Aim of the thesis

Motivated by potential of nanocrystals for radiation detection application, this thesis
aims to explore the process of energy deposition and charging in nanocrystals under
ionizing radiation with different II-VI heterostructures, including spherical quantum well
and heterostructural nanoplatelets. The excited states dynamics, especially Auger
recombination and multiexcitons will be investigated with optical spectroscopy
techniques including steady state spectroscopy and time resolved technique. By
comparing with intense optical excitation temporally and spectrally, we are able to verify
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and identify the formation of multiexcitons states under X-rays excitation. Meanwhile,
through the investigation on the particles with varying sizes, we will analyze the size
dependence of the scintillation response, that is, the evolution of ratio of excitonic species
with the particle size.

1.2 Organization of the thesis
The thesis is organized in 6 chapters as follow:

In Chapter 2, we present the fundamental concepts necessary to the understanding of
this thesis. First, we mtroduce the quantum confinement effect and surface effect of
colloidal semiconductor nanocrystals, and also introduce spherical quantum
wells(SQWs), nanoplatelets(NPLs) and their heterostructures in detail. Secondly, we
discuss the exciton dynamical processes in NCs, where mainly emphasize the formation
and recombination of multiexcitons. Finally, we also describe the scintillation mechanism
of bulk scintillators and the development of nano-scintillators.

In Chapter 3, we first present the synthesis principles of core NCs and the
heterostructures. Secondly, the characterization techniques used for the detailed
investigation of the structural and optical properties in this thesis are briefly introduced.
We also report the synthesis of CdS/CdSe/CdS SQWs with varying shell thickness, and
different heterostructural NPLs, core/crown, core/shell and core/crown/shell, together
with their characterization.

In Chapter 4, we first describe the steady-state radioluminescence spectroscopy, the
time-resolved experiments. We also performed the spectral and dynamical measurements
with various sized SQWs under the optical and X-rays excitation. By comparing with
simulation, we also presented the identification of the excitonic species during
scintillation process and further the investigation on their evolution with particle size.

In Chapter 5, we describe the investigation of the scintillation performance of
different II-VI nanoplatelets with steady-state spectroscopy and time-resolved methods,
including core/crown, core/shell, and core/crown/shell NPLs in which three-sized
core/shell NPLs was performed for the comparison.

The Chapter 6 concludes the work and discuss future outlooks.
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Chapter 2

Chapter 2

Scientific background

In this chapter, before presenting our findings and related discussion, we first
introduce the scientific background on colloidal semiconductor nanocrystals and the
excited state dynamics, specially the Auger non-radiative recombination and the
multiexcitons. Second, we briefly describe the scintillation mechanism and the state of
the art of the nanocrystals scintillators, and finally we introduce the optical and electronic
properties of two kinds of nanocrystals: spherical quantum wells(SQWs) and
nanoplatelets(NPLs).

2.1 Colloid semiconductor nanocrystals

Colloidal semiconductor nanocrystalNCs) is a nano-sized semiconductor material
containing 100-100000 atoms. The size is smaller than or comparable to the exciton Bohr
radius of the bulk material, therefore the NCs are subjected to quantum confinement
effect, resulting in a quantized energy level and an adjustable energy gap. After first
proposed by Ekimov in 1981[15], NCs have attracted great attention due to their
fascinating chemical and physical properties, in which II-VI NCs are the most studied,
such as CdSe, CdS and ZnS. The ability to precisely control the composition, size, and
shape of II-VI NCs has been successfully realized and provides great flexibility in the
engineering of their electronic and optical properties. Also, by combining different
materials, various types of heterostructures, like CdTe/CdSe, CdSe/ZnS, have been
fabricated to specifically alter the excitonic features of NCs to obtain desired
characteristics. Nowadays, II-VI NCs has made outstanding progress in lasing media,
single-photon sources, photovoltaic conversion, display devices, and biological imaging.
With the continuous development of nanocrystals, its applications in other fields are
constantly being explored.

2.1.1 Quantum confinement effect

An important parameter of a semiconductor material is the width of the energy gap
that separates the conduction from the valence energy bands controlling the emission
luminescence wavelength[ 16]. When a semiconductor absorbs a photon with energy
equal to or larger than its energy gap, an electron can be excited from the valence band to
the conduction band, leaving a hole in the valence band, and the formed electron-hole
pair bound by Coulomb interaction is referred as an exciton. It has lowest energy state
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slightly below the edge of the conduction band, which can recombine radiatively to emit
a photon[ 17]. For bulk semiconductors, the energy band structure depends on the element
composition and lattice structure and it is a fixed parameter. A natural length scale of the
bounded electron-hole in the hydrogen like structure is given by the exciton Bohr radius,
ap, which is determined by the strength of the electron-hole Coulomb interaction.

me
- (2-1)

aB == anm

where ¢ is the dielectric constant of the material, agis the Bohr radius of hydrogen atom
(ay = 4megh?/m,e? ~ 0.534), m, is the rest mass of the electron and m* is the reduced
mass of the effective electron-hole pair. Exciton Bohr radius is a materials intrinsic
property. In this thesis, exciton Bohr radii of semiconductors we used is 2.9nm for CdS
and 5.6 nm for CdSe.

In the case of semiconductor NCs with size comparable or smaller to the bulk
exciton Bohr radius, confinement effect becomes important. Electronic energies depend
directly on the degree of spatial confinement of electronic wave functions. One
consequence of this is the valence and conduction band edges change from continuous to
discrete energy levels, and the band gap of the NCs gradually increases as the size
decreases, as presented in Figure 2.1. This phenomenon is known as the quantum
confinement effect, which makes it possible to achieve continuously adjustable
wavelength in NCs by simply tuning their size and shape[16,18].

Bulk semiconductor Nanocrystal semiconductor

CcB

Bandgap(Eg )
v - n“““”E_

Figure 2.1 Schematic representation of quantum confinement effect: a bulk semiconductor with

continue energy band and a fixed energy gap Egpuic, while NCs possess discrete energy levels and
the band gap energy increases with decreasing size.

[T——L111 @

The energy level structure of NCs can be calculated through the effective mass
approximation theory, assuming a spherical nanocrystal with a radius of r, the bandgap of

NCs can be expressed as[19]:
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22 2
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Here EPUIK refers to the band gap of this material in bulk, & is Planck's constant, m,
and my, are the effective masses of electron and hole, respectively and e is the charge. g
is the dielectric constant in vacuum and ¢, is the relative dielectric constant of the
material. The middle item on the right is the energy gap change caused by the quantum
confinement effect, and the last item on the right is related to the electron-hole Coulomb
interaction, which is the binding energy of exciton. The confinement energy is
proportional to 1/r> whereas the exciton binding energy is proportional to 1/r, leading to
the dominance of the confinement effect. Therefore, we can see that within the
confinement effect size range, as the size decreases, its energy gap will gradually become
larger. Just by adjusting the size, nanocrystals with different energy gaps can be obtained.

On this basis, the theoretical and experimental works have further studied the
discrete atom-like energy levels of NCs and the corresponding transition selection
rules[20]. Figure 2.2(a) shows the electron and hole energy level structure of CdSe NCs
with different sizes. 1S., 1P, 1D, and 2S, are the electron energy levels, and 1S3, 1P3/,
and 2S;/, are the hole energy levels. It can be seen from the figure that the band gap of
NCs increases as the size decreases. Since the effective mass of CdSe NCs holes is much
larger than the effective mass of electrons, the electron energy level spacing is larger, and
the hole energy levels are relatively tight. Moreover, for several lowest transitions, the
experimental results of energy changes with particle size are highly consistent with
theoretical calculations, as shown in Figure 2(b).

3k Radius (A)
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Figure 2.2 (a) Theoretical calculation on size dependence of the electron and hole energy levels in
a CdSe quantum dot (QDs). (b) The comparison between theoretical and experimental data for
several of the lowest transitions[20].
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The quantum confinement effect can occur in any dimension of a semiconductor
material. Different confinement dimensions cause the different density of states of the
semiconductor energy level. Figure 2.3 shows a schematic of the density of states as a
function of dimensionality, going from three-dimensional (3D, bulk) to zero-
dimensional(0D, QDs) systems. In bulk materials, the charge carriers are free to move in
all three dimensions. The bands are square root dependent of their energy(~E'2). For a
two-dimensional(2D) material, referred to as quantum well or nanoplatelets, only the
thickness of this nanocrystal is smaller than the exciton Bohr radius and excitons can
freely move in the lateral directions. So the density of states is affected by the decreased
number of freedoms for the charge carriers, resulting in step-like density of states. And
for one-dimensional(1D) materials such as nanowires and nanorods, the quantum
confinement effect plays an important role in two dimensions, this results in a saw-like
density of states with an inverse square energy dependence (~E-2). Finally, the
semiconductor material confined in all three spatial dimensions is referred to as quantum
dots, they show discrete atom-like energy levels[17,21]. This unique property caused by
shape dependence have greatly stimulated enormous interest in exploring novel classes of
materials with various electronic and optical characteristics.

Bulk 2D 1D 0D

,/ //
D(E) D(E) _ D(g) D(E)
R |
7
]
> - 3 . > . >
Eg,bulk E Eg,bulk E Eg,bulk E Eg,bulk E

Figure 2.3 Schematic diagram of the density of states as a function of dimensionality. Bulk
materials(3D) without quantum confinement effects in three dimensions; 2D refers to quantum
wells with quantum confinement effects in only one dimension; 1D refers to rod-shaped or wire-
shaped nanocrystals restricted in two dimensions; 0D mainly refers to quantum dots confined in
three dimensions.

2.1.2 Surface effect

Surface effect is another well-known nanoscale effect that causes different properties
of NCs compared to bulk materials. The surface-to-volume ratio of NCs increases sharply
as the particles size decreases. For bulk solids, their size is indeed much larger than the
exciton Bohr radius of the particle, and most of the carriers are far away from the surface.
Therefore, the influence of surface atoms on the material’s properties is basically
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negligible for penetrating radiations, whereas the size of NCs is smaller than the excitons
Bohr radius, carriers are easily affected by the surface. Therefore, NCs will be very
sensitive to surface and environmental changes. The surface effect becomes more and
more important on stability and optical properties of NCs with the further reduction of
size. Compared with internal atoms, surface atoms have fewer neighbors, and therefore
possess unsatisfied chemical bonds, which is referred as dangling bonds. The increasing
fraction of surface atoms leads to many dangling bonds, inducing defects on the surface.
These defects will bring additional energy levels into forbidden band, considered as trap
center to capture the charges created during an excitation, which is detrimental to the high
quantum efficiency pursue through non-radiative recombination pathway. In addition, the
increase in dangling bonds will increase the surface free energy, leading to the instability,
and NCs will tend to aggregate. This aggregation process is often irreversible, which
greatly damages the optical properties of NCs and limits its application[22,23]. Thus,
reasonable elimination of dangling bonds and defects at the surfaces is often required to
improve NCs performance.

To achieve the passivation of the surface, people utilize the ligands on the surface of
NCs to form strong bonds with surface atoms to fill the dangling bonds, improving the
chemical stability. The common binding groups of ligands are carboxyl, amino, and
sulfhydryl groups. One end of the ligand is coordinated with the atoms on the surface,
and the other end is compatible with the solvent to provide solution stability. The choice
of hydrophilic and hydrophobic ligands depends on the polarity of the solvent. However,
some types of ligands have been reported to quench optical properties of NCs, it is
important to choose the suitable ligands[24]. Alternative passivation method is to
overcoat a shell composed of different materials, creating a heterostructure, which is
referred as core/shell structure[25,26]. The existence of a shell makes it possible to isolate
the emissive core from its environment, which makes the NCs more stable and robust,
and less sensitive to changes in its environment. The core/shell heterostructure will be
discussed in detail in the following section.

2.2 Heterostructural nanocrystals

Heterostructural nanocrystals consist of a quantum dot core and a shell of a (or more)
distinct material. By using heterostructures instead of bare core NCs, the ability to create
novel optoelectronic properties can be extended further. The core and the shell are
typically composed of type II-VI and III-V semiconductors. This structure was
demonstrated to address the low quantum yield issue of bare NCs with surface related
defects by passivating the surface trap states. What’s more, the formation of shell can
isolate the emissive region with its environment, providing protection against
environmental changes and photo-oxidative degradation[22,26].

Core/shell semiconductor nanocrystal properties are based on the relative conduction
and valence band edge alignment of the core and the shell. The spatial localization of the
charge carriers in heterostructure can be manipulated by controlling the band offsets of
the materials[26]. Furthermore, the lattice parameters of shelling materials should be
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close to that of the core to reduce lattice stress created by the lattice mismatch and to
facilitate epitaxial growth on the core. On the contrary, the growth of the shell results in
strain, accompanied by the generation of defects at the core/shell interface or within the
shell. These defects can act as trap states to capture the photo-generated charge carriers
and diminish the fluorescence quantum yield. As illustrated in Figure 2.4, according to
the shell materials and the energy band alignment, core/shell nanoparticles can be divided
mnto three types:

e

2

3

Type I: the conduction band energy of core material is lower than that of shell
whereas the valence band energy of core is higher than that of shell. As a
consequence, both electron and hole are confined within the core, making it
possible to separate physically the surface of the optically active core from its
surrounding medium. Due to the well surface passivation with respect to bare
core, coating wide band gap materials is usually employed to reduce non-
radiative recombination, which enhances photoluminescence quantum yield
and the chemical stability against photo-degradation. In addition to the
improvement in quantum yield, shell growth is accompanied by a small red
shift of the excitonic peak in the absorption and photoluminescence spectrum.
This observation is attributed to a partial leakage of the wavefunction into the
shell material. The first published configuration was CdSe/ZnS[27]. However,
the lattice parameter mismatch(12%) between CdSe and ZnS limit strongly the
continuous growth of shell without the formation of interface defects[25].

Quasi type-II: one carrier is delocalized over the whole nanocrystal, while the
other is localized in one of the materials. The most investigated composition is
CdSe/CdS. This allows the electron—hole spatial overlap to be tailored by
controlling the size of shell. The delocalization of one carrier reduces the
confinement effect, making it possible to tune the emission color over a large
range. Therefore, the redshift in spectra upon shell grown is usually larger than
that observed in type I. Moreover the lattice parameter mismatch of typical
structure CdSe/CdS is only 4%, which conduces to the synthesis of the giant
core/shell nanoparticle[3]. The reduction of electron-hole wavefunction
overlap as the shell decreases the radiative transition probability and thus
increases the exciton lifetime. Due to the decreased Coulomb interaction,
Auger recombination rate is concluded to decrease in this configuration,
making it feasible for the investigation of multiexcition properties and the
suppression of blinking phenomenon[28].

Type II: In contrast to type I, both conduction level and valence level of one
material are higher than the other one, therefore one of either the electron or
holes is localized in the core while the other is confined in the shell. The
separation of carriers leads to the significant reduction in wavefunction
overlap, like quasi type II, which has the effect on elongated lifetime of
exciton. The emission wavelength is determined by the energy difference
between the occupied states, which will be at a lower energy than either of the
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individual energy gap. This configuration thus has been developed in particular
for near infrared emission.

The continuous development of heterostructure enables it to satisfy multiple
requirements of appropriate electronic and structural parameters simultaneously. For
instance, multi-shell structure can realize the decrease of defected induced by lattice
mismatch between the core and an outer shell by adding an intermediate layer, such as
CdSe/ZnSe/ZnS[29]. Compared to the traditional core/shell structure, it has proven to be
more stable and higher quantum yield. Another structure is gradient core/shell NCs with
smooth interfacial potential[4]. The further reduced steepness of the interfacial potential
makes this configuration a great success in suppressing the Auger effect.

A Type | B Quasi-Type ll c Typelll

Figure 2.4 Schematic representation of the energy level alignment and charge carrier localization
in type I, quasi-type II and type 11 core/shell hetero-structural NCs, respectively[30].

Energy

2.3 Excited state dynamics under photoexcitation

Figure2.5 is the simplified picture of the exciton dynamical processes in NCs under
photoexcitation, as mentioned above, the absorption of a photon in nanocrystals can
excite an electron from the valence band to the conduction band, leading to the formation
of exciton. Subsequently, the exciton will undergo a series of processes, including
relaxation and recombination, to dissipate the energy. This sequence of events involves
time scales from a few femtoseconds to a few seconds after photoexcitation[17].

The possible pathways strongly depend on the specific excitation conditions
(excitation energy and intensity). For the incident moderate energetic photon (E = ho >
E,), it will produce hot exciton with excess energy, typically the hot exciton rapidly loses
its energy as heat or is trapped by defects. If the system is excited under high-energy
photon (in principle E = ho > 2E,) or high-intensity excitation, the carrier multiplication
process will take place, resulting in the formation of the multiexcitons, this will greatly
complicate this whole dynamical process. Eventually, exciton is able to emit photon
through radiative recombination or lose the energy via the non-radiative recombination,
which is mainly caused by sample defects and Auger non-radiative recombination,
relaxing the NCs back to the ground state. Here, the main possible excited state dynamics
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processes in NCs under different excitation conditions are explained in detail in the
following sub-section. An understanding of the rates and pathways of exciton relaxation
and recombination processes in NCs is very important for the comprehension of the
fundamental physics as well as their utilization in applications.

Multiple excitons

kMEG

/ .\,‘ ’
===

Hot exciton Cold exciton

(1) Absorption (hv 2 E;)

@ Hot exciton relaxation (cooling)
(3 Multiple exciton generation (MEG)
No exciton 4 Auger recombination

et state) (® Exciton recombination

Figure 2.5 Schematic representation of possible relaxation and recombination processes in NCs
after photoexcitation. (1) exciton is generated by absorption of a photon with energy ho > E, or
more photons are absorbed to form a multiexcitons state. (2)The hot exciton may relax to band
edge by cooling process. (3)If ho > 2E,, two or more excitons can be created through carrier
multiplication(or multiple exciton generation, MEG) . (4)Multiexcitons will recombine

radiatively to emit photon or non-radiatively via Auger recombination. (5) Eventually, the exciton
recombines, relaxing the NCs back to the ground state[31].

2.3.1 Hot carriers relaxation

When the excitation energy is equal to the bandgap energy, it is referred to resonant
excitation. On the other hand, in a general case, the photon energy is greater than the
band gap, usually leading to both electron and hole occupy high levels in the conduction
and deep ones in the valence band, this process is known as non-resonant excitation. And
the carriers with excess energy are usually referred to as ‘hot carriers’. In bulk
semiconductors, the created hot carriers rapidly return to the band edge via phonon-
assisted emission in an ultrafast process. This process is typically in hundreds of
femtoseconds due to the strong coupling of carriers and phonons within the continuum of
energy states. However, when we considered the nanocrystals, the cooling process is
significantly different. As the size of the nanocrystals decreases, the discretization of
electronic states appears near the band edges, and the electronic intraband spacing will
continue to increase with the confinement till hundreds of meV, which is larger than the
maximum phonon energy with only tens of meV, preventing the charge carrier
relaxation[32]. Auger-type energy transfer is generally accepted as the alternative
process. Due to the larger effective mass of hole, valence band possesses a much higher
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density of state, making the smaller hole energy states spacing in valence band than
electron energy states spacing in conduction band. Hence the electron transfers its excess
energy to the hole through the Auger type energy transfer, accompanying with the
relaxation to the edge of conduction band. Subsequently, holes dissipate the energy
rapidly with the assist of photons[33].

2.3.2 Exciton recombination

Once the electron and hole have relaxed to their respective band edge, subsequently
excitons can recombine through radiative and non-radiative recombination. For radiative
recombination, the exciton is released in the form of emitted photons. And the energy of
emitted photon is equal to about the bandgap minus the bond energy. This characteristic
rate is referred to as radiative rate k,. Sometimes the radiative recombination related to
the trapped carriers may also occur, which is called trap emission. For non-radiative
recombination, several types of this phenomenon are possible in nanocrystals. Since the
presence of defects and dangling bonds in nanocrystals, carriers are captured and blocked
in these sites, the emission can be quenched. In addition to the qualities of the particles,
Auger effect also is part of the origin of non-radiative recombination in charged and
multiexcitons. The characteristic rate is referred to as non-radiative rate k,,. Non-
radiative pathways extremely diminish fluorescence quantum yield. If we consider N, is
the population of excited states at time t = 0, the evolution of this population will be
defined by:

dNe
dt

= —kN,(t) (2-3)

Here the rate k£ can be expressed by the fluorescence lifetime . The fluorescence lifetime
is the time measured for the number of excited states to decay to 1/e of the original
population via the loss of energy through radiative or nonradiative processes.

101 1

k= k,+ kanT—T+T—nT=; (2-4)

So N, (t) which is the number of excited states at time ¢ is supposed in simple case to be
expressed by the single exponential decay equation of excited states as follow:

N, () = N,(0)e k¢ = N,(0)e s (2-5)

Fluorescence quantum yield is one of the most important characteristics of
fluorophores. It is defined as the ratio of the number of emitted photons to the number of
absorbed photons. Since the exciton recombination in nanocrystals usually involves many
radiative and non-radiative processes, the quantum yield depends on the various
recombination pathways and can be written as:

ker

QY = (2-6)

T kptkny
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2.3.3 Auger recombination

Excitation of nanocrystals may lead to charged particles and in such situation Auger
recombination is the main non-radiative pathway for energy dissipation, which is
mediated by Coulomb interactions between carriers. This process plays an important role
in semiconductor nanocrystals when there are three or more charge carriers present,
which are referred as trion and multiexcitons. Here, we take trion as an illustration, which
is also called as charged exciton. The formation of charged exciton is usually attributed to
the charged carriers trapping or Auger ionization. A schematic diagram Auger
recombination in charged exciton system is illustrated in Figure 2.6: instead of emitting
photons as neutral single exciton by radiative recombination, the energy is transferred to
the additional carrier (electron in the conduction band), subsequently promoting it to
higher excited energy level, and then dissipated as heat by phonon-assisted thermal
process. In direct-gap bulk semiconductors, this process needs to satisfy both energy and
translational momentum conservation requirements and hence it exhibits a thermally
activated behavior. Additionally, strong spatial overlap of wavefunctions for all carriers is
required. Therefore, Auger recombination can only be observed at higher electron—hole
pair density. However, in nanocrystals, only energy-matching conditions are needed to be
met because of the no well-defined translational momentum, together with the enhanced
Coulomb interactions owing to the increased spatial confinement strongly improve the
efficiency of Auger effect with respect to that of bulk materials[18], and it can occur for
band edge carriers. The timescale of this process is typically on the order of 1-100ps,
depending on exciton multiplicity, the size shape and composition, which is faster than
that of radiative recombination. A general trend observed of Auger decay rate in core NCs
is a linear dependence of Auger lifetimes on NCs volume, which is referred as “universal
volume scaling law”’[34]. There have been a few recent exceptions to this universal
volume scaling of Auger rates in 2D nanoplatelets[35]. The Auger effect in nanoplatelets
was demonstrated more sensitive to the changes in vertical thickness(d) with a scaling
factor of d’, indicating its strong dependence on the degree of confinement. Meanwhile it
increases linearly with its lateral area, reflecting the dependence of exciton-exciton
collision frequency.

Basically, Auger process has always been considered as the dominant reason for the
photoluminescence intermittency in single quantum dots and the reduction of quantum
yield[36]. Since the net result of this process is energy loss as heat, the Auger quenching
is the main obstacle to commercial application of nanocrystals that require high
efficiency, such as light-emitting diodes (LEDs) and lasing medium[17]. In the last
decades, a lot of endeavors have been made to inhibit the Auger process. As discussed
above, Auger lifetime is involved in spatial confinement of charge carriers. Therefore, the
Auger recombination rates can be reduced by increasing the size of nanocrystals with
weak confinement complication. Besides, the degree of spatial overlap between the
electron and hole wave functions is considered as another influencing factor.
Heterostructures based on type II and quasi type II core/shell, have been continuously
developed to manipulate the overlap of electron and hole pair. Common configuration
CdSe/CdS with thick shell has showed outstanding performance on Auger effect
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suppression, the Auger rate can even be prolonged to several nanoseconds[3]. In addition,
some research also report alloyed interface with smooth confinement potential leads to
the suppressed Auger process, leading to a rather high quantum vyield of
multiexcitons[37,38]. Indeed, Auger recombination rate in nanocrystals strongly depends
on the size, shape and potential steepness of the interface. Increasing requirements of
high quality nanocrystals demands us to further understand the underlying physics of
Auger recombination and reduce the Auger losses.

Direct gap, Bulk Nanocrystal

quantum
dot size
<€-neofe-z>

Figure 2.6 Schemes showing the difference between Auger recombination process in direct gap
bulk (left) and NCs (right) semiconductors. AE and Ap present the change of energy and
momentum, respectively. Ec and E, are the edge of conduction and valence bands. Compared to

bulk material, the requirement of momentum conservation is largely relaxed in NCs and Auger
recombination occurs efficiently for band edge carriers[18].

2.3.4 Multiexcitons recombination

As we discussed above, on the consequence of strong carrier-carrier Coulomb
interaction in nanoscale, the efficiency of Auger non-radiative recombination is
significantly enhanced, which represents the predominant pathway of multiexciton
decay[34,39,40]. The emergence of large-size and gradient NCs provided an excellent
opportunity to exploitation of multiexcitons. The suppression of the Auger effect has
greatly improved the fluorescence quantum yields of single excitons and multiexcitons of
these NCs. And this breakthrough has provided a good opportunity to explore the huge
potential of the multiexcitons phenomena in the application of semiconductor
nanocrystals, such as low-threshold NCs lasers, light emitting diodes, as well as solar-
energy conversion[3,4]. The realization of all of these applications requires detailed
understanding of dynamical and spectral properties of multiexcitons in nanocrystals.
Hence, we introduce briefly the optical and electrical properties of biexciton and
triexciton, and the carrier multiplication process.
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2.3.4.1 Biexciton

The multiexcitonic state composed of two excitons in a single nanocrystal at the
same time is the simplest configuration of neutral multiexcitons, referred to biexciton.
Through nonradiative pathway, biexciton annihilates an electron-hole pair and pass the
energy to other carriers (either electron or hole), exciting the carriers to high energy state
or even ionizing them out of the particles to form the charged exciton.

Multiplicity of recombination pathways accelerates the radiative lifetime of
multiexcitons. The nonlinear scaling of radiative rate constants of N-exciton states (Ty;-)
with N was analyzed by Klimov et al. in 2008[41]. They proposed “free-carrier” model
and predicted experimentally and theoretically 7y likely scales as N2 in PbSe NCs.
Therefore although the scaling factor of two has also been reported for biexciton[42], the
relationship generally accepted between the exciton and biexciton radiative rates is i, =
4t,,. On the basis of recombinations of the possible electron and hole angular momentum
states, Katherine E. Shulenberger theoretically and experimentally explained the origin of
statistical scaling factor of four. Due to angular momentum selection rules, only half of
the excitons are available to radiatively recombine in exciton, and in biexciton two spin-
paired exciton can recombine independently, giving rise to a radiative speed up by a
factor of two compared to a single spin-paired exciton. The combination of the factors
results in a biexciton radiative rate four times faster than that for the exciton[43].
Recently, the development of the suppression of Auger effect makes the fluorescence
quantum yield of single excitons and biexcitons reach nearly 100%[37,44]. The lifetime
of biexciton also composes with radiative and Auger non-radiative items, k, = ko, +
k,4. Therefore, according to the statistical scaling, the emission quantum yield of
biexciton is expressed in Eq 2-7, allowing us to calculate it directly with the exponential
fitting parameters of the decay curves.

1

k, Tor T, 47,
Q2X= - = 1 2r1 = = (2-7)

kar+tkaa P . Tor Tair

To further understand the spectral and temporal properties of biexciton, the
interaction between exciton and exciton is another important problem to investigate,
which is often defined as Agx = Epx - 2Ex, where Agx is interaction energy, and Ex and
Epx are single exciton and biexciton energies, respectively[45]. The magnitude and sign
of the interaction energy depend on the spatial distribution of electrons and holes, which
is the electrons and holes wavefunction overlap integral. Therefore, different energy band
alignments will lead to different Coulomb interaction energies. Specifically, in type I
nanocrystals, both electrons and holes are restricted in the same area, as shown in Figure
2.7(a), the interaction force between excitons is attraction, which corresponds to the
negative binding energy of biexcitons, leading to a red shift with respect to single exciton
on the spectrum. It has been observed in bare nanocrystals and type I samples such as
CdSe/ZnS[40,46]. On the contrary, in the quasi-type II and type II structures, the
alignment of the energy bands causes the difference in the distribution of electrons and
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holes, which leads to the imbalance of local charges. The repulsive force between
excitons and excitons has been reported in CdSe /CdS, CdS/ZnSe and other structures, as
seen in Figure 2.7(b), and a blue shift relative to single exciton is caused[47]. However,
in few recent studies, they achieved to control the nature and strength of exciton— exciton
interactions by adjusting the core-shell sizes with CdSe/CdS structure. The biexciton shift
transiting from red-shift to blue-shift regimes in a single material system has been
observed, typically, thin shell was demonstrated to exhibit the attractive interaction due to
the negligible delocalization of the electron wave function. Therefore, the tunable
amplified spontaneous emission(ASE) has been realized by engineering biexciton
interactions[48,49]. Taking direct carrier-carrier Coulomb coupling and interface
polarization into account, Andrei Piryatinski[45] theoretically calculated the biexciton
binding energy of type Il structure by perturbation theory. Due to the large degree of
spatial separation between electron and hole, the repulsion energy in type II can reach to
the order of 100meV. While in quasi-type II, because of the delocalization of one carrier,
the relatively enlarged wavefunction overlap of electrons and holes reduces the
interaction energy, on the order of 10 meV.

(a) Type I (b) Type 11

)

~olac

Attractive Interaction Repulsive Interaction

Figure 2.7 Schematic diagram of the exciton and exciton Coulomb interaction in nanocrystals: (a)
attractive force, (b) replusive force[48].

2.3.4.2 Triexciton

In comparison with biexciton, the situation of triexcitons is extremely complicated,
because it involves not only the lowest energy quantized state, but also a higher P energy
level. According to Pauli's exclusion principle, the conduction band of CdSe is composed
of the 5s orbital of cadmium, so the lowest quantized state 1Se at the bottom of the
conduction band can only contain two electrons with opposite spins. While the top of
valance band is made up of six degenerate 4p atomic orbital of selenium, ignoring the
spin-orbit coupling, the lowest energy level 1S5/, state of the hole is four-fold degeneracy
and can accommodate up to four holes. Since the effective mass of the hole is larger, the
energy level interval of the valence band is smaller, p-like hole states can be populated as
a result of thermal activation in the triexciton ground state[40,50]. The occupation of the
1P state can only be stable when the 1S state is fully filled. Based on these studies, P -
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level related emission will appear at high-energy positions with respect to single excitons,
approximately to 200meV|[51].

Similar to biexciton, the efficient Auger process seriously hinders its application. In
the past 20 years, thanks to the development of ultrafast optical instruments, such as time-
resolved spectroscopy, high-energy triexciton emissive feature has been widely
reported[46,51]. What’s more, on the basis of the study regarding Auger effect
suppression, Florencio Garcia-Santamaria et al. observed the pronounced change of
emission color in amplified spontaneous emission experiments with giant CdSe/CdS
NCs[3]. And the yield of white light emission was observed by Michel Nasilowski et.al,
suggesting the effective improvement of high-order(>2) multiexcitons efficiency by
synthesized gradient interfacial NCs[37].
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Figure 2.8 Schematic diagram of the different radiative recombination pathways for triexciton in
CdSe quantum dots. (a) The triexciton can decay by S-S electron-hole recombination, leading to
an excited biexciton, following by the thermal process, (b) or by P-P recombination, leading to a
ground-state biexciton, (c) or via the nominally forbidden 1P.—1S, also followed by a thermal
process. Finally, each of these three pathways can bring the system to the ground-state biexciton.

Most of the current studies on triexcitons are based on the differences in spectra, and
the predominant recombination pathways for triexcitons remain poorly understood. The
generally accepted decay mode is a cascade stepped decay: TX-> BX-> X-> ground state.
But the specific process from TX->BX is still very controversial. As shown in Figure 2.8,
there are three possible recombination pathways, which are S-like: 1Sc-1Sy, and P-like:
1P.-1Py, 1P.-1S;. Most reports so far acquiesce that this process is completed by P-like
transition[51,52]. In 2018, Katherine E. Shulenberger[43] demonstrated that S-like and P-
like occur simultaneously, and the S-like transition is dominant through the third order
correlation of single CdSe/CdS NCs. In the same year, Jachoon Lim[4] discovered that
the 1P lasing threshold is slightly lower than the theoretical value for the 1P1Py
transition. They attributed it to the occurrence and dominance of the 1P.-1S; transition
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pathway. According to the transition selection rule, 1P-1S transition is prohibited.
However, due to close proximity between the corresponding energy levels in the valence
band, the energy difference between 1S3, and 1P3,, is almost negligible, even on a large
size scale of nanocrystals, the effect of mixing of the band-edge 1S and 1P hole states can
be significant, leading to the permission of 1P-1S transition. In addition, this asymmetric
transition has also been proven in many other reports regarding the charged biexciton and
triexciton[40,47]. However, in the spectral profile, these two different P-like transitions in
CdSe nanocrystals are difficult to be distinguished.

2.3.4.3 Carrier multiplication

Generally, absorbing one photon with moderate energy(E,<E<2E,) create only one
hot exciton, the excess energy will be released as heat by interacting with phonons(Figure
2.9(a)). When a single high-energy photon(>2E,) is absorbed, carrier multiplication(CM)
has been observed in bulk semiconductors since the 1950s and explained by impact
ionization[53], where the hot electron dissipates the energy by pumping the carrier cross
the bandgap, forming the additional electron-hole pair, as illustrated in Figure2.9(b).
However, in bulk semiconductors, due to strict momentum conservation and very
effective phonon-assisted attenuation, the efficiency of carrier multiplication is
considerably low. The no well-defined translational momentum and the strong Coulomb
interaction between carriers make the carrier multiplication process in NCs could be
highly efficient[39].

{a) Real electron (b) Virtual electron
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Figure 2.9 Schematic diagram of the carrier multiplication process. (a)Absorbing a photon with
energy<2Eg, the electron dissipate the energy as heat. (b) After the absorption of a single high-
energy photon(>2E,), two excitons can be created through the Coulomb interaction in carrier
multiplication processs[39].

Since the efficient carrier multiplication effect is of great significance for improving
the photoelectric conversion efficiency of solar cells, photodetectors, etc., the CM in
nanocrystals has received extensive attention. For traditional solar cells, since the excess
energy is not effectively used, the maximum theoretical photoelectric conversion
efficiency of a single-gap cell is about 33.7%, which is the Shockley-Queisser limit[ 54].
However, considering the carrier multiplication effect, the highest photoelectric
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conversion efficiency is predicted to be as high as 44%[55]. In 2004, the V.I.Klimov
research group first discovered the efficient carrier multiplication effect in PbSe
nanocrystals using transient absorption spectroscopy[2]. Subsequently, highly efficient
carrier multiplication effects have also been observed in a variety of nanocrystals, such as
CdSe and perovskite CsPbl; NCs[56,57]. Multiexcitons created by carrier multiplication
is the major content we investigate in this subject. Therefore, the brief introduction here
will contribute to the understanding of following discussion section.

2.4 Sctillation process and scintillator
2.4.1 Scintillation process

X-ray is a kind of electromagnetic radiation with very short wavelength between

ultraviolet and gamma rays, about (20 ~ 0.06)x10® cm. It was discovered by the German
physicist W.K. Roentgen in 1895, so it is also called Roentgen Ray|[6].

cathode

high accelerating voltage

Figure 2.10 Schematic representation of X-rays tube

The device that generates X-rays is called an X-ray tube, which consists of three
parts: cathode, anode and window, as shown in Figure 2.10. The two electrodes are used
for the target material (such as W, Ag, Mo, Cu) bombarded by electrons and the filament
(generally W wire) that emits electrons. Both electrodes are sealed in a high-vacuum
glass or ceramic housing. The power supply part of the X-rays tube includes a low-
voltage power supply for heating the filament and a high-voltage generator for applying
high voltage to the two electrodes. When the filament passes enough current to generate
an electron cloud, and there is enough voltage (kV) to be applied between the anode and
the cathode, the electrons will hit the target material at high speed. When the high-speed
electrons reach the target surface, the movement is suddenly blocked. The lost kinetic
energy will be released in the form of photons to form a continuous part of the X-rays
spectrum. The radiation generated in this form is called Bremsstrahlung. In addition, by
increasing the acceleration voltage, the energy carried by the electrons increases, and it is
possible to eject the inner electrons of the anode metal atoms. As a result, holes are
formed in the iner layer, followed by the outer layer electrons transition back to the
inner layer to fill the holes, and accompanied by emitting photons with a wavelength of
about 0.1 nm. Since the energy released by the outer electron transition is quantized, it
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forms a characteristic line in the X-rays spectrum, which is called Characteristic
radiation. By adjusting the filament current, the temperature of the filament and the
amount of electrons emitted can be changed, thereby changing the tube current and the
X-rays photon flux. Different excitation potentials or different target materials can
produce X-rays of different energies. Due to the bombardment of high-energy electrons,
the temperature of the X-rays tube is very high during operation and forced cooling of the
anode target is required. The approaches to detect X-rays and more generally ionizing
radiation are divided into direct detection and indirect detection[58]. In direct detection
X-rays are converted to electrical signals directly. Although this method is highly
accurate, in many situations, these detectors are not easily applicable due to their cost and
the required cryogenic application. So the indirect method is now more widely used. X-
rays are first converted into a visible light, and this conversion is called as scintillation,
which is followed by the conversion of light signals into electrical signals in

photodetectors, as shown in Figure2.11.

Photodetector

High energy
photon

Scintillator

Figure 2.11 A simplified schematic representation of scintillation detector[60].

Scintillators are thus the materials that can convert high energy radiation such as X
or gamma-rays into a visible light, and they play a very important role in the field of
radiation detection, such as medical imaging, homeland security, high energy physics
calorimetry and so on[7,59]. A scintillation detector essentially is composed of a
scintillator material and a photodetector that can convert the outcoming light to an
electrical signal. The scintillators can be generally categorized into organic scintillators
and mnorganic scintillators: organic scintillators comprise such as organic liquids and
plastic scintillators, and inorganic scintillators typically consist of single crystals, powder
or thin films of large band-gap salts matrix doped with activator atoms of appropriate
energy states, such as Nal:Tl, CsI:TL Nowadays, inorganic scintillators are more widely
used in numerous fields, and the novel inorganic scintillators with superb qualities are
continuously investigated to satisfy the various applications.

The very first inorganic scintillator material Nal:Tl, was discovered in the late
1940s[60]. Despite the emergence of considerable new scintillator materials after that,
Nal:Tl is still the first choice for many applications where cheaper, larger size, and higher
efficiency scintillator is needed. However, it suffers from the common shortcomings of
inorganic scintillator, long decay constants and hygroscopicity due to limitations in their
intrinsic material properties and fabrication requirements. Since that time, a diversity of
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scintillators has been reported for various applications. For instance, CsI:T1 is not
hygroscopic with high light yield[61], but it shows the poor spectral match with PMT and
extremely long decay time. On the other hand, Bi;Ge;O,, (BGO) with higher stopping
power, making it a very efficient absorber has been widely used in high-energy physics
applications[62], but the light yield is much lower than that of Nal:T1 and CsI:T1. The
relatively new materials based on Ce3* doping and Pr3* doping possess the fast decay
time (typically tens of ns) and high quantum efficiency[ 63]. But the high price due to raw
materials and processing severely restricts their widespread usage.

Overall, each material possesses unique properties, the choice of scintillator
materials depends on the practical application requirements. The most important
characteristics considered for a scintillator selection are as follow[64]:

— stopping power: determines how efficiently a material will absorb the radiation
during the conversion stage of scintillation. High stopping power means large
fraction of the incident rays and particles can be deposited in the materials. As
mentioned above, this parameter is strongly related to the density and effective
atomic number of the scintillator, especially for the photoelectric interaction.
Therefore, materials with high density and high Z are desirable.

— light yield: corresponds to the number of photons emitted per unit of deposited
energy in the material. It is expressed in photons/MeV, is given by the relation: LY =
106-SQ/(BE,), where E, is the bandgap, S is the efficiency of electron—hole transport
to the optical center, Q is the luminescence quantum efficiency of the optical center
and P is a constant. High light yield is very beneficial to reduce the noise in medical
imaging.

— response time: corresponds to the time of emitting a photon after radiation
absorption. Short decay time is very important for applications where fast timing is
required such as time-of-flight applications.

— radioluminescence spectrum: it should well match the spectral sensitivity of the
photodetectors.

— energy resolution: the ability of the scmtillator to distinguish between different
radiation energies. It is very important for the spectral measurement.

In addition, large scale production, chemical and radiation stability, self-absorption
and cost are also key factors that determine the choice of a particular scintillator.
Actually, the selection of scintillator is according to specific requirements and application
fields. No scintillator can satisfy all the requirements for use.

The physical process of scintillation is a rather complex issue in inorganic
scintillator, which can be divided into three consecutive sub-processes[64]: (I)
conversion, (II) transport and (IIT) luminescence, as depicted in Figure 2.12.

In the first step, high energy photons interact primarily with materials through
ionization events, followed by the creation of a large number of highly energetic
electrons and holes formed in the material. The interaction of an electromagnetic
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radiation with the matter occurs as three types depending upon the incident photon energy
of the incident radiation in scintillation: photoelectric effect and Compton scattering are
dominant mechanisms for low (below a few hundred keV) to medium energies (a few
hundred keV-1MeV) respectively, and the interaction of the radiation with the matter is
governed by the electron-positron pair creation for energies above 1.02 MeV[65]. In this
thesis, we will focus mainly on detection of photons in the X-rays, involving the
photoelectric effect and Compton scattering. The linear absorption coefficient of the
photoelectric absorption for energy scales approximately with Z4. Hence, increasing the
atomic number will increase the absorption probability exponentially, which is consistent
with the need of heavy atoms in scintillator[ 66]. Afterwards, the hot electrons and deep
holes that are created in this process will undergo the multiplication process through
electron-electron inelastic scattering and Auger processes. When their energy is lower
than the threshold, all the electrons and holes will be thermalized to the lowest states in
the energy band.

In the transport process, electrons and holes in the conduction and valence bands are
transported towards the luminescence centers, respectively. The undesired impurities and
lattice defects during the fabrication of material will induce lots of traps in the forbidden
gap. These traps compete to capture the migrating charge carriers, causing the
considerable loss of excitons through the non-radiative recombination. In addition, the
long delay is also the result of these intermediate states. After trapping, a certain thermal
energy enables release of the charge from the shallow traps, and then these released
carriers will continue to participate in the radiative recombination, resulting in
considerable delay or afterglow. Optimization of fabrication and preparation procedures
can significantly decrease the defects and traps within a material and improve the
scintillating qualities.

In the last step, the electrons and holes are captured by the luminescence centers, and
then undergo a recombination process, giving rise to a desired luminescence light. In
some particular groups of materials the light generation occurs in radiative transitions
between the valence and first core bands[64].
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Figure 2.12 Schematic representation of scintillation mechanism in bulk inorganic scintillators.
High energy photons absorbed can generate hot charge carriers, followed by thermalization to

form a great amount of excitons and subsequent transport to traps involved intermediate states or
luminescence centers, where radiative recombination occurs[64].

2.4.2 Nanocrystals scintillator

In recent years, the increasing demand for radiation detection materials in many
applications has led to extensive research on scintillators. The discovery of new
scintillators has always been an important subject. Nanocrystals have received extensive
attention due to their excellent optical properties[7]. Unlike the traditional bulk
scintillators, the output wavelength of nanocrystals can be tuned to span the visible light
emission such that it can well match with the peak spectral sensitivity of the
photomultiplier tube to improve the overall detection efficiency. Furthermore, the
solution-processability and practical scalability can also reduce the manufacturing cost
and difficulty, making it a promising material for radiation detection. In the past two
decades, the response of a large number of nanocrystals under high-energy electrons,
alpha particles, X-rays and gamma rays has been widely studied.

In 2006, S.E. Letant and T.F. Wang for the first time reported the characterization of
CdSe/ZnS core/shell NCs in porous glass matrix under o particle and gamma-rays
radiations. They demonstrated that the scintillation efficiency of the CdSe/ZnS NCs is
two times better than that of the conventional Nal:Tl scintillator[8,67]. This strongly
suggests that higher efficiencies and resolutions are possible with nanocrystal-based
scintillators, and motivated the further research on the scintillator materials in the form of
nanocrystals.
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The relatively low stopping power is one of the shortcomings of II-VI nanocrystals,
leading to a weak scintillation luminescence, hence the combination of a matrix with high
stopping power and nanocrystals has been usually used to investigate their potential to be
a new class of scintillator. Several research have been reported to fabricate NCs
embedded nanocomposite scintillators, the improving of energy efficiency has been
achieved via energy transfer mechanisms between matrix and NCs. The chosen NCs
materials should well match the emission spectral region of the matrix. The high stop ping
power of the matrix can compensate low energy absorption of NCs. Mingzhen Yao and
Marius Hossu integrated CdTe NCs with LaF3:Ce nanoparticles and observed the
enhanced NCs fluorescence upon both UV and X-rays excitation[9,68]. In addition, the
NCs—polymer was also fabricated to investigate the scintillation behavior. CdTe NCs was
embedded into polyvinyl alcohol matrix, together with the 2,5-diphenyl oxazole (PPO) as
exciton harvesting[69], and the addition of CdS NCs in polyvinyl toluene (PVT)-PPO
polymer enhanced scintillation from a 1.03 times to more than 3.6 compared to using
PVT-PPO without any NCs[70]. However, the intensity of the scintillation light scales
with the NCs concentration. High concentration usually induces strong reabsorption and
the scattering due to agglomeration. And this type of NCs—polymer hybrids were also
designed for gamma-ray sensor, significant enhancement in photoconductivity induced
by the gamma radiation in nanocomposite has been demonstrated[71].

Environmentally friendly nanocrystals are always the development trend of
nanotechnology, to be scintillator, it will be beneficial to decrease the damage to human
tissues, facilitating the practical application in medical imaging. ZnS NCs doped with
magnesium sulfide, ZnS(MgS) was studied by E. R. Burke, showing good proportionality
and high sensitivity of X-rays[72]. In 2018, Eder Jose Guidelli et al. synthesized ZnSe
NCs using a microfluidic reactor with uniform sizes and excellent optical properties.
They reported the radioluminescence from ZnSe cores under X-rays excitation, revealing
the possibility to be a low-toxic scintillator[73]. However, due to the low mass density
and effective atomic number of Zn-based NCs, their absorption of high-energy rays is
very low, which severely limits the scintillating performance.

Photo-instability is one of the key issues of semiconductor nanocrystals, which
severely degrade the performance of scintillation. Several studies reported the optical
response of NCs to high energy photons, a rapid loss of output light was observed when
the NCs was exposed under X-rays or y-rays[74,75]. Afterwards, Girija Gaur et al.
reported the significantly reduced emission intensity with CdTe/CdS QDs immobilized
within porous silica under ionizing irradiation[75]. They also pointed that
photoionization, carrier traps, and Auger recombination play a role in the radiation-
induced photodarkening. Through a thiol-rich surface re-passivation, near complete
recovery of X-rays induced emission intensity was achieved, but only partial
luminescence recovery was observed for gamma-irradiated samples, which is the result of
permanent reduction caused by lattice displacements in the NCs. In 2016, Marie-Eve
Delage et al. demonstrated multishell QDs are more resistant to ionizing radiation than
core/shell QDs, especially in the kV energy range, further confirming the importance of
the surface passivation[76].
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In addition to the traditional spherical quantum dots with different compositions,
nanocrystals of different shapes have also received extensive attention. The first
successful synthesis of a two-dimensional II-VI CdSe nanoplatelets(NPLs) was in
2008[77]. Due to its fascinating properties, it has recently been explored in the field of
radiation detection[10,78]. In 2019, Turtos R. M. et al. constructed hybrid NCs-bulk
scintillators structure to measure the scintillation response for 511 keV gamma-rays[10].
A thin film of CdSe/CdS core/crown NPLs was deposited on standard LY SO bulk
scintillator, in which NPLs is in charge of fast time response while the bulk scintillator
provides stopping power and scintillation light. Ultrafast decay of 80ps associated to
multiexcitons has been extracted as the preliminary result, providing a strong impetus for
future in-depth research.

The novel nanostructure in the form of perovskite nanocrystals has emerged to be a
promising scintillation material in recent years. It shows remarkable performance as
scintillator benefit from high stopping power and defect tolerance for high quantum
yield[11,79]. In 2018, Chen et al. proved 3D perovskite CsPbBr; nanocrystals has high
fluorescence efficiency under X-rays excitation. The emission wavelength can be easily
tuned across the visible light by tailoring the anionic component. In addition, the intense
radioluminescence decreases significantly the detectable limitation of the X-rays dose,
reducing the damage to human tissues caused by radiation[ 11]. Furthermore, the solution-
processability and practical scalability make them suitable for the mass scale production.
However, the inherent thermal and chemical instability and the heavy metal toxicity are
the obstacle for this type peroskite nanocrystals in practical applications.

Although a variety of nanomaterials are active in the field of radiation detection, the
process of energy deposition and relaxation in semiconductor nanocrystals is still
ambiguous and few reported so far. As discussed above, the incidence of high-energy
photons yields a predictable cascade of energetic electrons, since the absence of transport
process in direct gap nanocrystals semiconductor, the hot electrons and holes are directly
thermalized towards the conduction and valence band edges. Unlike bulk materials,
nanocrystals behave as discrete energy levels related to quantum confinement, making
the excitonic species unknown after the hot carriers ultimately relax to the edge of the
energy band.

For the energy deposition, in 2010, Anne-Laure Bulin er al. used Monte Carlo
simulations to numerically estimate the spatial energy distribution resulting from the
interaction between the gamma-rays photons and the Gd,O; nanocrystals. They
demonstrated that a significant fraction of the energy is deposited out of the particle, even
for the diameter larger than 100nm[80]. To date, there is no direct study on unexamined
steps in energy relaxation down to energy band states within a NCs excited by X-rays
after the initial electron shower. Instead, the Lazaro A. Padilha research group[14] has
compared the temporally and spectrally resolved radiative recombination produced
following photoexcitation with 20keV energetic electrons ionizing radiation, identifying
and quantifying the types of excitation states produced in NCs under high energy
excitation. The analysis directly reveals a dominant population of charged- and multi-
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excitonic states, consistent with large contributions from carrier multiplication, multiple
types of scattering and ionization processes during relaxation. They also pointed out that
the Auger effect is a key factor restricting the study of excited states under ionizing
radiation. The investigation of cathodoluminescence can provide guidance for the
exploration of X-rays-induced exciton recombination. In our work, thanks to the
development of chemical synthesis techniques, the reduction of Auger effect gives us a
good opportunity to realize the fine observation and identification of multiexcitons states
under X-rays excitation in nanocrystals.

2.5 Spherical quantum wells and nanoplatelets
2.5.1 Spherical quantum wells introduction

Despite the apparent promise of thick-shell NCs on both Auger recombination
suppression and enhanced absorption cross-section, however, the thickness of the shell is
not allowed to increase indefinitely. The intrinsic reason is the difference in lattice
constants between the two materials of the core and shell, namely, with the increase in the
thickness, the structural stress on the interface will continue to increase. When the
thickness of the shell reaches a critical value, the further growth will introduce structural
defects into the nanostructures, and these defects will capture carriers like surface traps,
resulting in a serious decrease in the fluorescence efficiency of the NCs. In the commonly
used synthetic materials of core/shell nanocrystals, the lattice parameter mismatch
between CdSe and ZnS reaches 12%, such a huge amount of misfits make them not
suitable choices even for traditional thick-shell NCs. The better candidates for the
synthesis of thick-shell NCs should be CdSe and CdS because of the well energy band
alignment and the only 4% lattice mismatch between two materials. However, according
to the calculation of the critical thickness, when the CdSe layer grown on top of the CdS
core exceeds around 3.6nm[81], the quantum yield will drastically reduce due to the
formation of misfit defects.

In order to solve this limitation, spherical quantum wells(SQWs) are considered as
an alternative structure. It combines the excellent characteristics from both nanoplatelets
and regular core/shell nanostructures. The first SQWs synthesized through successive ion
layer absorption and reaction (SILAR) was reported by Peng’s group, ultrathin layer of
semiconductors with a narrow bandgap, epitaxially grown onto a nanocrystal template
with a substantially wider bandgap[82]. Since the emissive layer is thinner than the
critical thickness, it enables the alleviation of structural stress between two materials by
strained layer epitaxial growth. SQWs are considered as an optimal model to create large
nanoparticles with a less defect growth. In addition, the thick shell layer ensures the
stability and reduces the probability of the SQWs being charged by reducing the
possibility of carriers being trapped by the surface traps. Therefore, it could achieve the
significantly enhancement of quantum yield compared to the traditional NCs. In 2016,
Jeong et al. synthesized CdS/CdSe/CdS SQWs through dropwise precursor method with
near unity quantum yield[81]. On the contrary to the NCs, the quantum yield of SQWs
show a continuous enhancement with increasing shell thickness.

Zhu MENG 41



Scientific background

(b)

z T
I'Z“vz.uev

aib

Figure 2.13 (a)Schematic illustration of spherical quantum wells; (b) Quasitype II energy band
alignment of spherical quantum wells.

As the best investigated configuration, CdS/CdSe/CdS SQWs comprise three layers:
a thin CdSe layer sandwiched between a CdS core and several layers of CdS overcoating,
as depicted in Figure 2.13(a). The electronic properties exhibit the strongly core, well and
shell thickness dependence. Specifically, SQWs were also reported to possess a quasi-
type-II band alignment (Figure 2.13(b)), in which a hole is strongly localized within the
CdSe well, whereas an electron is delocalized over the entire nanostructure volume. The
electron confinement energy reduces with increasing exterior CdS shell thickness,
resulting in the red shift of the absorption and the PL peak position[81], as shown in
Figure 2.14(a). And the same tendency of energy shift was observed for different core
and well sized SQWs[83]. Meanwhile, the decrease in the electron—hole overlap integral
with increasing CdS shell thickness results in a progressive reduction of the single-
exciton recombination rate(Figure 2.14(b)).

(a)
'5 r/ltlh (b) 1F
S (130952 - ‘
g | [————= - 3
2 8
Q
b= =
£ [130940 2 0.1
o3 2
s £
= / wd
g 1.3/0.9/30 - o ‘
< | F e 0 100 200' 300
/
1.3/0.9/24 -
MW/ X - Time (ns)
1.3/09/0 g o A

16 20 24 2.8
Energy (eV)

Figure 2.14 (a)Absorption and photoluminescence spectra of different shell thickness SQW s(r:
CdS core; I: CdSe well; h: CdS shell), (b) The evolution of ensemble PL decay dynamics with
shell thickness (inset: single-exciton radiative recombination lifetime; R is the total size)[81].
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In 2020, Gabriel Nagamine ef al. presented that SQWs enable a relatively large
absorption cross-section without the quantum yield loss, the quantum yield of SQWs
about 40% larger than counterpart QDs with the same absorption cross-section[84]. Since
absorption cross-section is proportional to the volume of nanocrystals, the predicted large
absorption cross section in SQWs is attributed to that its volume could far exceed that of
traditional QDs. This promising property is beneficial for tremendous research
application, achieving the low threshold amplified spontaneous emission and lasing,
reducing the working current when applied to electroluminescent devices and reducing
the damage to the tissue when they are used in biological imaging[4,84].

In addition, another remarkable property of SQWs is the suppression of Auger non-
radiative recombination, leading to the long multiexcitons lifetime. Analogous to QDs,
biexciton lifetime depends strongly on the shell dimension, which can be attributed to the
increase in the delocalization of the electron and hole wave functions. Till now, the
biexciton lifetime of SQWs was demonstrated on the order of nanosecond[84,85].
Meanwhile, as mentioned above, biexciton binding energy is determined by exciton-
exciton Coulomb interaction. Through modifying the ratio of different regions, one can
manipulate the sign and magnitude of biexciton binding energy in SQWs, the transition
from attractive to repulsive force was observed[84].

Owing to the thick shell, SQWs usually exhibit outstanding optical and chemical
stability. By applying silica encapsulation via reverse micro-emulsion method, the
stability of SQWs can be further improved, and it can be dissolved in polar solvents,
which is convenient for bio-labeling or display applications[86]. To date, due to the large
absorption cross section and the Auger effect suppression, the research of SQW's mostly
focused on the optical gain media and light emitting diodes[84,87]. In this thesis,
motivated by the fascinating properties, we will utilize this structure to investigate the
scintillation behavior of nanocrystals on a large-scale (up to 40nm in diameter) under X-
rays excitation, this will give an insight to the exciton recombination mechanism under
extremely energetic excitation.

2.5.2 Nanoplatelets introduction

As mentioned earlier, with the development of nanocrystalline synthesis methods,
nanomaterials of different structures have been realized. In 2008, S. Ithurria successfully
synthesized two-dimensional CdSe nanoplatelets for the first time[77]. Subsequently,
nanoplatelets with different composition have also been successfully fabricated[5,88].
Their outstanding optical and electronic properties have attracted widespread attention.
Different than other classes of NCs, generally these colloidal NPLs feature lateral
dimensions on the order of tens of nanometers with the atomic-scale vertical thickness,
while the 2D Bohr radius of the CdSe NPLs is considered to be around 3.5nm[89],
leading to the strong quantum confinement effect in only one dimension. By changing the
synthesis reaction parameters, atomically precise control of the vertical thickness can be
achieved.
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The width of the fluorescence spectrum is composed of two factors: homogeneous
broadening and inhomogeneous broadening. The coupling of photons and phonons will
lead to homogeneous broadening of the spectral lines, but the inhomogeneous broadening
is determined by the size distribution of the synthesized nanocrystals. High
monodispersity of NPLs allows to eliminate the inhomogeneous broadening, and they
thus exhibit purely homogenous broadening. This results in a very sharp PL profile with a
full-width-at- half-maximum (FWHM) typically narrower than 10 nm. In addition, NPLs
possess giant oscillator strengths resulting from increased exciton center of mass coherent
motion[90]. This huge oscillator strength enables significantly enhanced absorption
cross-section and ultrafast recombination rate.

Controlling the number of monolayers (ML) significantly affects the absorption and
photoluminescence spectra of the NPLs. Due to the emission wavelength of CdSe NPLs
is only determined by the thickness, it generally has fixed emission wavelengths. Figure
2.15 shows the spectra of several CdSe NPLs with different thicknesses, 3 ML, 4 ML and
5 ML, which have been commonly investigated for almost a decade, emitting at around
463 nm, 513nm, and 553 nm. The quantum confinement is relaxed with the increasing
thickness, causing a red shift of the excitonic features. For 4ML NPLs, three typical
features are observed on the absorption spectrum, they correspond to the heavy-
hole(~512nm), light-hole(~480nm) and split off transitions (~420nm). The excitonic
features remain almost in the same spectral position regardless of the lateral dimensions
because they are much larger than the exciton Bohr radius. When the thickness of the
CdSe NPLs is as thin as 3ML, the surface defects will lead to intensive emission. The
strong surface related deep trap photoluminescence emission is more obvious in thinner
NPLs, which is attributed to the unpassivated atoms at the surface[77].
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Figure 2.15 Absorption and photoluminescence spectra of CdSe colloidal NPLs with different
vertical thicknesses[91].
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However, bare core NPLs usually suffer from low quantum yield and poor stability,
which seriously affect the practical application of NPLs. Therefore, in order to increase
quantum yield, improve optical and chemical stability, and achieve a wider spectral
coverage, a diversity of NPLs-based heterostructures have been produced in the past
decade, for example core/crown, core/shell and core/crown/shell as illustrated in Figure
2.16, making these two-dimensional materials have made great progress in many
applications.

The most widely studied CdSe/CdS core/crown heterostructure has been synthesized
by M. D. Tessier and coworkers in 2014[92]. The CdS crown region was grown only in
the lateral direction without changing the vertical thicknesses of the NPLs. Since the
quantum confinement of the core is retained, the growth of the crown does not affect the
excitonic features of the NPLs. The growth of laterally extended crown is manifested as
an absorption peak at around 405 nm, leading to a strongly increase in the absorption
cross section. Owing to the lateral passivation, the core/crown has been reported with the
significant improvement of quantum yield. In addition, the core/crown structure NPLs
with different compositions has also received extensive attention, such as type II
CdSe/CdTe, alloyed CdSe/CdSeTe[93,94].

In addition to core/crown, inspired by core/shell QDs structure, the low quantum
yield and poor stability of NPLs are expected to be improved by coating a shell on the
core NPLs. The growth of shell in the vertical thicknesses will induce the relaxation of
the quantum confinement effect, making the red shift of excitonic features. Therefore, by
controlling the shell thickness, the optical properties can be easily manipulated.
Meanwhile, due to the enhanced exciton-phonon coupling with these material
combinations, the excitonic features are slightly broadened with respect to core-only
NPLs, as shown in Figure 2.16(b). In recent years, different composition core/shell NPLs
has been fabricated by different synthetic methods[95,96], in which alloys and/or gradient
complex heterostructures have been demonstrated the near-unity quantum yield.
Moreover, owing to the partial separation of electron and hole wavefunctions and the
smooth confinement potential, Auger recombination has been significantly suppressed in
this hererostructure.

In addition, more complex core/crown/shell structures have also been employed in
the several researches[97,98]. They pointed out that when compared to core/shell NPLs,
core/crown/shell NPLs exhibit significantly enhanced absorption cross-section in the blue
spectral region owing to crown layer and improved brightness due to better passivation of
the sidewalls of the inner core. So far, the hot injection method for this architecture has
still not been reported. The synthesis based on c-ALD technique usually causes low QY,
only Shendre et al. presented ultrahigh-efficiency aqueous colloidal core/ crown/alloyed-
shell quantum wells with QY up to 90% in water[98].
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Figure 2.16 (a)Schematic illustration of core/crown, core/shell and core/crown/shell
heterostructures. (b) Absorption and photoluminescence spectra of CdSe/CdS core/crown,
CdSe/CdZnS core/shell and CdSe/CdS/CdZnS core/crown/shell NPLs, all of which are
synthesized at our laboratories.

Even though NPLs can be synthesized by well-controlled synthesis procedures and
their excellent properties have received considerable attention, there are still
controversies about the growth mechanism of the two-dimensional structure. Since the
first synthesis of CdSe was due to the addition of short-chain salts in the reaction
solution[ 77], short-chain ligands were regarded as the key factor in the lateral growth of
nanocrystals from the beginning. Long-chain and short-chain ligands (such as oleate and
acetate salts) passivated the large and small cadmium-rich surfaces of NPLs, respectively.
The long-chain ligand stabilizes the large facet, while the short-chain ligand makes the
small facet more unstable, allowing the NPLs to grow laterally and maintain a constant
thickness. Lately, Riedinger et al. synthesized CdSe NPLs in melts without the presence
of short-chain carboxylate ligands, they pointed out that the addition of short-chain
carboxylates is critical only in standard liquid-phase protocols, leading to the reduction of
monomer concentration, and the solubility of the monomer affects the shape of the
crystals. Meanwhile, they proposed a theory, regarding the growth mechanism of zinc
blend CdSe NPLs, based on an intrinsic instability in growth kinetics leading to highly
anisotropic shapes[99]. The nucleation barriers on narrow facets are smaller than on wide
facets, therefore, the growth rates on lateral and vertical dimensions are orders of
magnitude difference, yielding the anisotropic-shaped NPLs even for materials with
isotropic crystal structures. On the other hand, Peng’s group[100] has suggested a
different mechanism based on the oriented attachment of seeds through intraparticle
ripening.
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Chapter 3

Colloidal Synthesis and Characterization of Spherical
Quantum Wells and Nanoplatelets

The fascinating properties of nanocrystals have received worldwide attention. Thanks
to the continuous development of the colloid synthetic approach, nanocrystals of different
sizes, shapes, and compositions have been successfully synthesized in the past
decade[101], and the optical and electronic properties of nanocrystals have been
significantly improved. Meanwhile, in comparison with bare core, the emergence of
heterostructures with higher stability and quantum yield provides better opportunities for
their applications in various fields[22,26].

Therefore, this chapter is mainly divided into four parts, we will first present the
synthesis theory and setup for core and the core/shell structures. Secondly, the optical and
structural characterization techniques used in this thesis are briefly introduced. The last
two parts are about the specific synthesis protocols and characterization of nanocrystals,
including spherical quantum wells(SQWs) and different heterostructural nanoplatelets
(NPLs), core/crown, core/shell and core/crown/shell.

3.1 Synthesis theory and setup
3.1.1 Nanocrystals nucleation and growth

Since the emergence of quantum dots, many efforts have been put in the
understanding of the formation mechanisms of mono-disperse nanocrystals. This
progressive comprehension makes it possible to achieve syntheses of nanocrystals with
controllable size, shape, and composition, in which the thermal decomposition is the most
successful nanocrystals preparations in terms of quality and monodispersity[16]. The
mvolved nucleation and growth are presented in the following sub-section.

3.1.1.1 Gibbs -Thompson theory

Homogeneous nucleation is a phase change process that is the spontaneous formation
of a new thermodynamic phase from a meta-stability state[102]. Thus, in contrast to
heterogeneous nucleation, the occurrence of homogeneous nucleation needs to overcome
higher energy barriers. The thermodynamic theory of formation of the new phase is
classical Gibbs-Thompson theory, as shown in Figure 3.1.
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The Gibbs free energy of a nucleus is in general expressed as the sum of a bulk term
AGgthat is proportional to the volume of the nucleus, and a surface term AG,, that is
proportional to its surface area. We assume that the nucleus is spherical in shape with
radius r, hence, total Gibbs free energy is given as equation 3-1,

4
AGr=AG;+AG, = gnr3-AGV+4nr2-y (3-1)

where vy is the surface energy per unit area and AG, is the free energy per unit volume in
the bulk. The volume term is negative which is the driving force for nucleus formation.
And the surface term has a positive contribution due to the creation of a solid and liquid
nterface.

’
\ Interfacial energy ,’
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Figure 3.1 Red curve is the total Gibbs free energy as a function of the nuclei radius. AGc is the
homogeneous nucleation energy barrier, and r is the critical radius. The bulk termAG; that scales
with 13 is plotted in green. The interfacial energy AG: is the blue curve that is proportional to
surface area.

From the total Gibbs energy curve, we can see that the minimum radius of formed
nucleus is r., which is referred as critical size. The nucleus smaller than r, will dissolve
into the solution, and the nucleus larger than r, can exist for further growth. The critical
size is reached when free energy AG gets to a maximum, which is:

dAG/dr=0 (3-2)

Simplifying the above result, we can derive that

_ 3.3
I.C_-A(}V ( - )
AG. = 161y/3(AGy)? (3-4)
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3.1.1.2 Lamer burst nucleation theory

Burst nucleation theory was proposed by Lamer and co-workers in 1950s[103].
Originally Lamer theory described the production of mono-dispersed sulfur brines. The
model is used today for growth of most diverse nanoparticles. It is based on
homogeneous nucleation theory, and separates the nucleation process and growth process.
Nuclei are generated at the same time and subsequently grow without additional
nucleation. Thus, the crystallization of the nanoparticles is complete and the particle size
distribution is more uniform.

Figure 3.2 schematically illustrated the processes of nucleation and subsequent
growth. Typically nanoparticles are synthesized in three stages[102]. The concentration of
monomer increases with time in stage I, no nucleation would occur even above the
equilibrium solubility because of the extremely high energy barrier for homogeneous
nucleation. The nucleation stage II appears only when the super-saturation reaches the
critical nucleation threshold, thereby overcoming the energy barrier, which corresponds
to the free energy defined by equation 3-4. While as the formation of nuclei, the
concentration of monomer decreases until the critical energy, nucleation stage ends and
the reaction enter into growth stage until the concentration of monomer reaches the
equilibrium solubility. Lamer theoretical mechanism diagram is shown below.

v Nucleation threshold

Solubility line

Monomer Concentration —>

Figure 3.2 Schematic illustration of the nucleation and subsequent growth process.

However, if we do not stop the reaction at a reasonable time, the further growth of
nanoparticles occurs in stage IV due to Ostwald ripening, in which large particles
compete with smaller ones. Large nanoparticles are thermodynamically favorable, and
they will be continuously growing owing to the dissolution of smaller particles[104].
Hence, poly-dispersed samples are often attributed to Ostwald ripening process.

According to the discussion above, reaction factors have significant influence on the
quality of synthesized samples. First, the temperature plays a key role during the
synthesis, high temperature is required to form the nuclei, however the size and shape of
nanocrystals are less controllable in this case, and temperature also determines the
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reactivity of the precursors. Therefore, a suitable temperature is extremely important for
the precise control of nanocrystals. Second, if the precursor is introduced into the reaction
by injection, the rate of injection is another key parameter to adjust the synthesis. The
size distribution of nanocrystals can be controlled by fast or slow injection. Fast injection
introduces the abrupt increase of the monomer to reach a very high super-saturation,
leading to a narrow size distribution of nanocrystals in a very short period of time[103].
In addition, an appropriate annealing time after growth stage enables minimize the
influence of Ostwald ripening on size dispersion.

3.1.1.3 Nanocrystals synthesis setup and method

The chemical synthesis reaction usually takes place in a three-neck round-bottom
flask as illustrated in Figure 3.3. One neck of the flask is connected with a reflux
condenser to limit the evaporation of the solvent during heating, one with a rubber
septum through which precursor could be injected or products removed, and the third
with a temperature probe. The flask is maintained under an inert gas atmosphere (argon)
and heated by a heating mantle. All the chemicals in the flask need to be degassed in
order to achieve water and oxygen free conditions. And stirring during the reaction can
make precursors mixed efficiently and avoid the aggregation of the nanocrystals.

Condenser ——

Syringe

Temperature
control

Thermometer

Stirring bar

Heating mantle -

Magnetic stirrer

Figure 3.3 Schematic of three neck flask apparatus for nanocrystals synthesis.

As mentioned above, the mono-disperse nanocrystals synthetic strategies have been
investigated since quantum dots were proposed[105,106]. To date, the thermal
decomposition is the most effective and successful method for high quality nanocrystals
synthesis. This method can be divided into two techniques: hot-injection and non-
injection. The hot-injection method was introduced by Bawendi and co-workers on the
synthesis of cadmium chalcogenide nanocrystals[1]. Sharp burst nucleation occurs due to
the rapid injection of precursor into hot solution, including solvent and surfactants. Thus,
hot-injection enables the production of narrower size dispersion nanocrystals. However, it
is difficult to scale up the synthesis in large quantities. Alternatively, the development of
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non-injection method addressed this problem, in which the precursors, solvent and
surfactants are mixed in the flask at a low temperature, and then heated up to the
nucleation temperature. In order to achieve the formation of mono-sized nanocrystals,
refraining from the concurrent nucleation and growth, the precursor choice and the
setting of reaction temperature are extremely important during this gradually raising
temperature process[107]

3.1.2 Core/shell structure synthesis

Core/shell nanocrystals research has been one of the hot topics in recent decades. On
the one hand, the core/shell structure can effectively eliminate the dangling defects on the
surface of the bare core, reduce non-radiative transitions, and improve luminous
performance. On the other hand, the core/shell structure composed of semiconductor
nanocrystals with different properties has new functions and important application
prospects in many fields.

The core/shell structure was synthesized for the first time in 1996, Guyot-Sionnest et
al. successfully covered a ZnS shell on the core CdSe, achieving the enhancement of
quantum yield and stability[ 108]. Since then, two approaches were developed to
synthesize core/shell structures. The SILAR (successive ion layer absorption and
reaction) method based on the formation of one monolayer at a time by alternately
injecting the anion and cation shell precursors. This method successfully solved the
problem of self-nucleation of the shell precursor. In 2003. via SILAR, Peng's research
group successfully synthesized up to 5 monolayers CdS shell on 3.5nm core CdSe with
narrow PL line widths in the range of 23—26nm[ 109]. However, the SILAR method is a
very time-consuming procedure, which is not conducive to the formation of thick shells.

Alternatively, the other method is dropwise, that is continuous injection of shell
precursors at the same time into the flask containing the core. This requires a good
control of the temperature and the slow rate of injection to avoid secondary nucleation of
shell material. If the injection rate is too slow, it will lead to Ostwald ripening of the core.
The amount of precursors can also be calculated to predict the final size of the
nanocrystals. In comparison to the SILAR method, the continuous injection is much
faster, but usually results in relatively less monodisperse samples[110]. In our thesis, the
aim is to prepare the particle with ultra-thick shell. In order to simultaneously satisfies the
criteria: time-saving and high uniformity, we utilize the continuous injection method and
meanwhile using the precursors with relatively low reaction rate to achieve a well-
maintained particle size distribution during shell growth.

3.2 Optical and structural characterization techniques

To study the rationality of the synthetic method, different characterization
techniques are needed to collect sufficient information on the synthesized nanocrystals,
such as the size, shape, composition and the excitonic features. The investigation of the
quality of the synthesized nanocrystals can give a guideline to improve the synthesis and
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the development of a new protocol. In this thesis, the structural techniques used are
transmission electron microscopy (TEM), and the optical techniques include absorption
spectroscopy(ABS), photoluminescence  spectroscopy (PL), photoluminescence
excitation spectroscopy (PLE).

3.2.1 Absorption spectrum

Absorption spectroscopy is a powerful technique to determine the absorption
behavior of the synthesized nanocrystals, reflecting the size and composition of the
sample. In an absorption spectrum, quantum confinement effect is well manifested as the
red shift of the excitonic peaks as nanocrystal size increases, which corresponds to the
decreasing energy band, as shown in Figure 3.4. And then the bulk behavior appears in
large particles. Therefore, we can determine nanocrystals size from the position of first
excitonic peak[111]. In addition, the different excitonic peaks in spectrum reveal the
optical transitions between the discrete energy levels due to quantum confinement effect.
The main absorption peak (1Ss2(h)->1S;x(e)) exhibits a large oscillator strength, leading
to a clear feature. And less pronounced absorption features in the shorter wavelength
range correspond to excited states of higher energy, where the energy levels behave as a
quasi-continuum[112]. The width of these peaks is strongly affected by the size
distribution of the nanocrystals dispersion, polydisperse samples induce an
inhomogeneous broadening of the excitonic features.
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Figure 3.4 Evolution of the absorption spectra with increasing size of CdS/CdSe quantum dots,
which are synthesized in our laboratory. Size is calculated by the precursors used

3.2.2 Photoluminescence spectrum

Photoluminescence (PL) is the property of a material to emit light after excitation by
absorbing photons. In semiconductors, absorbing photons with an energy superior to its
band gap can excite the electron to the conduction band, leading to the formation of
exciton. The radiative recombination of exciton leads to the light emission. The emitted
photons have an energy corresponding to the band gap of the semiconductor. Therefore,

Zhu MENG 52



Colloidal Synthesis and Characterization of Spherical Quantum Wells and Nanoplatelets

PL spectrum is usually utilized to follow the evolution of semiconductor nanocrystals
growth during the synthesis. Both dispersion solution sample and solid film sample can
be used in this measurement. Similar to absorption spectrum, the size-dependent emission
color is associated with quantum confinement effect. As illustrated in Figure 3.5, by
changing the size of CdS/CdSe quantum dots, the emission spectra can be tuned to span
the whole visible light range. Furthermore, the position of the emission peak corresponds
to the band-edge energy, and the width of the PL spectrum is characterized by FWHM.
The FWHM of the peak can also give us the information about the size distribution of
samples[113]. It should be noted here that the defects on II-VI nanocrystals surface
usually induce a trap energy level in the forbidden band, therefore trapped carriers
emission take place on the longer wavelength than band edge emission. Proper surface
passivation is necessary to get rid of these trap states, otherwise the fluorescence spectra
can be strongly impacted by the trap emission, as depicted in Figure 3.5.

Typically, the emission peak is red-shifted compared to the corresponding excitonic
feature in the absorption spectrum. This phenomenon is usually referred to as Stokes-
shift, and this shift originates from the fine structure of the exciton energy levels. The
self-absorption caused by a small Stokes-shift is one of the reasons for poor performance
on lasing media, scintillator and others application where high concentrations of
nanocrystals are needed[114,115]. Therefore, an enlarged Stoke-shift can be required to
reduce self-absorption effect. And for the experiments, in order to avoid the self-
absorption, typically, the absorbance should be below 0.1 for the spectrum range we

measured.
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Figure 3.5 Evolution of the photoluminescence spectrum with increasing size of CdS/CdSe
quantum dots, which are synthesized in our laboratory. Size is calculated by the precursors used.

3.2.3 Photoluminescence excitation spectrum

Photoluminescence excitation spectroscopy(PLE) is a complementary technique to
identify the origin of PL peak feature. At a selected emission wavelength, the intensity of
photoluminescence is measured at varying excitation wavelengths. We could observe all
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the excitonic states contribution to the luminescence of the selected wavelength. It is
expected that PLE spectra of the nanocrystals with well-defined size, shape and
composition should be similar to their absorption spectra, as shown in Figure 3.6(a).
Therefore, comparing to absorption spectrum makes it possible to figure out the presence
of a secondary population. If the sample is polydisperse and secondary population
appears during the synthesis process, a huge difference can be observed between ABS
and PLE spectra (Figure 3.6(b)). The solution samples should be diluted to avoid the self-
absorption, otherwise the PLE value will be much lower than absorbance. Usually, it is
better to keep the absorbance lower than 0.1 at the excitation wavelength range.

In addition, the PLE measurements taken at different emission wavelengths provides
valuable information about the uniformity of the synthesized nanocrystals. Generally, the
detected wavelengths are fixed at the lower energy emission side, the higher energy
emission side and the peak of the emission, as shown in Figure 3.6(c). When the three
PLE spectra show exactly similar excitonic transitions, it suggests the formation of highly

monodispersed and uniform nanocrystals and the effect of inhomogeneous broadening on
linewidth is negligible.
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Figure 3.6 Comparison between ABS and PLE spectra. (a) without secondary nucleation and
(b)with secondary nucleation. (c¢) taken at different emission wavelengths (the maximum of the
emission, lower energy side and the higher energy side of the emission peak).

3.2.4 Quantum yield measurement

Fluorescence quantum yield (QY) is the emission efficiency of nanocrystals, which

the ratio of the number of emitted photons by absorbed photons, as expressed in equation
(3-5):

Q = Photons., / Photons (3-5)

where Q is the quantum yield. Two approaches are adopted for measurement of quantum
yield, relative and absolute methods.

Relative method

This method is widespread to determine the nanocrystals solution quantum yield. It is
performed under identical measurement condition to compare an unknown sample with a
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known quantum yield fluorophore, which is considered as a reference[116]. At the same
absorbance, to compare the emission intensity with standard is a reliable way to estimate
the quantum yield. Much more precise calculation is the gradient method, as depicted
below:

Grad n?

Q= Qref'(GTdref)‘(anef) (3-6)

where Grad is the gradient obtained from the plot of the integrated fluorescence intensity
vs. optical density, the subscript ref denotes reference, and n is the refractive index of the
solvent.

The absorption and emission region of the reference is better if similar to test sample.
To avoid self-absorption effects, for 10 mm cuvette, the optical density must be below 0.1
at the excitation wavelength(350nm in this thesis). The selected excitation wavelength
should be sufficiently far from the emission spectra. And it is advisable to use a single
detector for all the spectra measurement to minimize the experimental errors introduced
by detector positioning[ 117,118].

— Absolute method

Exdtalti:;l: \t Excitation light \\Q
pz )

substrate sample
Integrating sphere Integrating sphere
Excitation ———3
Fluorescence ——»

Figure 3.7 Schematic representation of absolute method with integrating sphere. Left: substrate
spectrum measurement, right: sample spectrum measurement.

In comparison with relative method, the absolute method directly obtains the
quantum yield by detecting all sample fluorescence through the use of an integrating
sphere, as illustrated in Figure 3.7. The inner surface of the integrating sphere is highly
reflective to make sure no light leak out. The advantage of this method is applicable for
both solution and film sample test. Note that due to the energy transfer between particles
in film sample, the quantum yield of film samples is usually lower than that of solution
sample. Since, in our work, some large sized nanocrystals are not able to suspend stably
in the solvent, absolute method will be a better way to determine the quantum yield.
Absolute quantum yield of film samples was measured at the excitation wavelengths
(410 nm and 450 nm) in this thesis, and the thin film samples were prepared by spin
coating the particles on the glass substrate. The absorption and emission of glass substrate
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and sample are measured, respectively, and then quantum yield can be given using the
ratio between emission photons and absorbed photons of sample as definition[119].

3.2.5 Transmission electron microscopy

Studying the morphology of the colloidal nanocrystals including the shape and size
distribution provides important information to verify the rationality and efficiency of
synthetic protocol. Since the optical properties of the nanocrystals are also strongly
related to their structural properties, the complete understanding of the structural
properties of the samples is crucial to the development and improvement of novel
heterostructural nanocrystals with the well-defined size, shape and composition, leading
to the achievement of superior chemical and optical properties. In this thesis, we have
mainly used transmission electron microscopy (TEM) to investigate the structural
properties of our synthesized nanocrystals.

Figure 3.8 TEM images of nanoparticles at different magnifications: A.20000X, B.120000X,
C.300000X.

TEM is a useful technique to intuitively investigate morphology and crystalline
structure of nanocrystals (Figure 3.8). Electrons beam in microscopy is created by an
electron gun and accelerated under 200 kV high voltage, then it is transmitted through an
ultrathin mesh copper grid, and the image is formed from the interaction of the electrons
with the sample. The sample preparation process is very important to the quality of the
images, we usually first dilute our samples, the samples are necessary to be cleaned for
several times to remove the excess amounts of organic ligands, which otherwise causes
accumulation of charge at the surface under the electrons beam. Then, the diluted solution
is dropped on the copper mesh grids and wait for the evaporation of the nonpolar solvent.
Finally, the samples are kept under vacuum overnight for the complete drying before the
measurements.

3.3 Spherical quantum wells synthesis and characterizations

SQWs(CdS/CdSe/CdS) consist of thin CdSe emissive layer sandwished in two CdS
layers. The strained epitaxial growth diminishes the misfit defects induced by the
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structural strain, the high quantum yield of SQWs has been observed recently[81] and its
quasi type II bandgap alignment makes it possible to decrease the Auger effect by
engineering the electron-hole wavefunction overlap. Therefore, SQWs are considered as
a good candidate for investigation of the scintillation properties of nanocrystals.
Additionally, owing to the release of the structural strain as the shell grows in SQW's, we
expect to synthesize a series of SQWs on a large size scale without the loss of the
chemical and physical qualities to achieve the study on size dependence of scintillating
phenomenon in nanocrystals. The synthesis and characterization are introduced in the
following sub-section.

3.3.1 Synthesis
3.3.1.1 Chemical materials

— 1- octadecene, 90%,CAS : 112-88-9. Sigma Aldrich
— I-dodecanethiol, 98%, CAS : 112-55-0, Sigma Aldrich
— cadmium nitrate tetrahydrate, >99%, CAS : 10022-68-1, Sigma-Aldrich
— cadmium oxide, 99.99%, CAS : 1306-19-0, Strem
—  ethanol>=99%, CAS : 64-17-5, Carlo Erba
—  hexane, CAS : 110-54-3, Carlo Erba
— isopropanol, 99.9%, CAS : 67-63-0, VWR
— methanol, 98.5%, CAS: 67-56-1, VWR
— oleic acid, 90%, CAS : 112-80-1, Alfa-acsar
— oleylamine, 80-90%, CAS : 112-90-3, Acros
— selenium, 99.99%, CAS : 7782-49-2, Strem
— sulfur, 99.99%, CAS : 7704-34-9, Strem
— sodium myristate, >98%, CAS : 822-12-8, TCI
— toluene, 99.9%, CAS : 108-88-3, VWR
— trioctylphosphine, 97%, CAS : 4731-53-7, Sigma-Aldrich
Unless otherwise specified, all chemical materials are used directly without further
purification or treatment.

3.3.1.2 Preparation of precursors

Cd(myr)2. is prepared according to a procedure published previously[ 107]. 9.3g sodium
myristate was dissolved in 750mL methanol and stirring until completely dissolved (~1h).
And 3.7g cadmium nitrate dissolved in 120mL methanol was mixed into the above
solution and stirred slowly to obtain white precipitate(1h). Then the precipitate was
filtered by a Buchner funnel, rinsed several times with methanol and dried under vacuum
overnight.

0.25M S-ODE. 20mL ODE was degassed under vacuum for 30 min at 70 °C to evacuate
oxygen and water(P<0.3mbar), and the reaction was performed under argon gas condition
and 160mg sulfur powder was added into flask. Then the temperature was heated up to
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140°C until all the sulfur powder was dissolved, and the flask was kept at 80°C to prevent
sulfur powder from being precipitated out of solution.

0.5M Cd(OA): in OA. 6.42g CdO was dissolved in 100mL oleic acid at 180°C, when the
mixture was slightly yellow and transparent, the temperature was decreased to 120°C to
avoid the Cd(OA), degrade at high temperature. Then the flask was degassed until
P<0.3mbar.

0.5SM Cd(OA): in OA/ODE. 6.42g CdO was dissolved in 50mL oleic acid and 50mL
ODE at 160°C for 30mins under argon, and the solution was degassed at 100°C for
90mins. Comparing to the 0.5M Cd(OA), in OA, the existence of ODE can prevent the
nanoparticles from degrading by oleic acid.

2M TOPSe. 1.58g Se powder was added in 10mL TOP at 100°C for 4h until their
complete dissolution. The reaction was performed in glove box to exclude the influence
of oxygen. Then TOPSe was stocked under mert gas atmosphere.

3.3.1.3 Synthesis protocol

Spherical quantum wells synthesis is a three steps process[81]. CdS seeds are formed
through homogeneous nucleation, and followed by a thin CdSe emissive layer synthesis.
The subsequent shell growth is performed to cover different thickness shell on
CdS/CdSe-based nanocrystals. For this subject, we are mterested in samples coated by
very thick shell, thus continuous ijection of shell precursors was chosen to fulfill the
formation of emissive layer and shell. The protocol is shown in Figure 3.9.

305°C

0 300°C

Figure 3.9. The protocol of spherical quantum wells synthesis

The specific experimental steps and parameters are as follows:

Synthesis of CdS seeds. 1.5mL 0.5M Cd(OA), in OA/ODE and 27mL ODE were
quickly switched under vacuum and argon for three times. Under flowing argon, the flask
was heated up to 270°C, and 1.5mL S-ODE(0.25M) was ijected at this temperature.
Afterwards, temperature was decreased to 250°C immediately to undergo the growth
process for 15mins. After cooling down the mixture to room temperature, the samples
were purified by precipitation with ethanol, centrifugated at high speed and redispersed in
hexane. The CdS seeds are around 3nm in diameter.

Synthesis of CdSe layer. 2.7mL CdS seeds at 193uM and SmL ODE were degassed
under vacuum at 65°C for 1h. The prepared 0.1M precursors mixtures (0.6mL TOPSe,
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2.4mL Cd(OA), in OA/ODE and 9mL ODE) was injected at 6mL/h at 300°C. 11.2mL
mixture was consumed for the desired size emission layer. The solution was cooled down
to room temperature, and precipitated with ethanol, toluene and OA. The final sample
was suspended in hexane.

Reaction equation of CdSe layer synthesis:

o O R R
D | |
CdS+R—C Cd? C—R +TOPSe mmmd CdS/CdSe+TOPO+ c
N 7 v N 7
o0 0 o) \ho

(3-7)

Synthesis of CdS shell. 3mL CdS/CdSe(52uM), 85mg Cd(myr), and 10mL ODE are
introduced i a three-neck flask. Cd(myr), was added to prevent the degradation of
CdS/CdSe at high temperature. And the additional Cd?* can invert the reaction as
depicted in equation (3-8).

Reaction equation of CdS/CdSe degradation:

LA 40 O
Cdse (R—C ), == CdSe+ R—C Cd?* C—R
Mo No 07

(3-8)

After 30mins of degassing under vacuum at 65°C, the solution was heated up to
305°C and 1mL OAm was injected to form monodispersed nanoparticles (It is better to
inject after 2 drops precursors to avoid the CdSe layer damaged by OAm). Cd and S
precursors were prepared as 0.2M solution of 1.58mL DDT diluted in 31.42mL ODE, and
of 13.2mL Cd(OA), in OA/ODE dissolved in 15.8mL ODE and 4mL OAm. The
precursors were injected continuously into the flask by two syringes at 0.8nm/h under
argon. Taking aliquots from flask at desired size, 15nm, 20nm, 25nm, 30nm, 35nm, 40nm
in diameter, the specific parameters are shown in Table 3.1. The aliquots were reheated
up directly to 305°C, 1.5mL Cd(OA), in ODE was added to passivate the surface of
SQWs. After 30mins annealing, the reaction was cooled down to room temperature. The
nanoparticles were precipitated and redispersed with ethanol and hexane. Then the
samples were suspended in hexane. 35nm and 40nm samples are unable to suspend in
hexane due to their large size. For characterization, toluene has a good performance to
disperse these large sized samples at low concentration.
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Reaction equation of CdS shell:

R—C—SH === H,S + R=C

0 o 0
4 \ 4
Cds/CdSe + R—C Cd** C—R+ H,S ====® CdS/CdSe/CdS + 2R—C
Yo o Mo

(3-9)

Table 3.1 The reaction parameters for SQWs shell growth.

Diame ter(nm) 15 20 25% 30 35 40
Cd precursor (mL) 19 33 43 51 63 72
S precursor (mL) 19 33 43 51 63 72
Ratio of aliquot 1/2 1 1/3 1/3 1/3 1
Concentration(uM)* 3.5 2.6 0.87 0.57 0.38 0.77

*: the reaction was ended at 20nm SQWs, and sample was washed and dispersed in 10mL
hexane. The continuous reaction was restarted based on 20nm SQWs(1/2 of total volume ) in

10mL ODE.
#: concentration is calculated for SQWs dispersed in 10mL hexane.

3.3.2 Characterization

For II-VI semiconductor nanocrystals, most research has focused on the size of
CdSe quantum dots rather than CdS[111,120,121]. The published average diameter of
nanocrystals is usually determined by transmission electron microscopy image. Since the
low accuracy of this method in the case of small size nanocrystal measurement, the size
of CdS seeds in our work is calculated according to reference[122], in which a relatively
accurate size is determined by mean of small-angle X-ray scattering(SAXS). The
diameter is given from the following equation:

D = (1.12x10°)2 +(-1.13x 10 )a* +(3.81x 10" )A+(-40.5) (3-10)

where 1 is the wavelength of the first-excitonic absorption peak. And the extinction
coefficient canbe calculated by the below equation|123]:

10.11

enc = 6.53x 10721 (3-11)
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which is using the half area of the first excitonic absorption peak as the correction of size
distribution. Based on the extinction coefficient, the molar concentration of CdS seeds is
readily obtained by the Lambert-Beer law:

A
C_

S 12
encl (3-12)

Here, A is the absorbance at the first excitonic absorption peak of CdS seeds in a given
solution (hexane), /is the optical length (1 cm).

3.3.2.1 Absorption and photoluminescence spectra

The absorption spectrum is performed with AvaSpec-2048L versatile fiber-optic
spectrometer, which is used for measurements in the UV-VIS-NIR spectral range (200 to
1100 nm). A cuvette with pure hexane was measured as a reference, and then adding
some microliters of the samples into cuvette to acquire the spectrum of CdS seeds. As
mentioned above, the size of samples can be determined by the position of first excitonic
peak on absorption spectrum. We thus taken out aliquots from the flask during the
reaction to monitor the growth of the nanoparticles. The final band edge absorption is
centered around 392nm (Figure 3.10), according to the calculation, the size of these CdS
seeds is around 1.3nm in radius.

05 4
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Figure 3.10 Absorption spectra of CdS seeds in hexane

The growth of CdSe emissive layer is manifested on the spectrum, as shown in
Figure 3.11(a), aliquots taken at different introduced precursors shows a red shift as the
size increases, which is related to quantum confinement effect. We got over the reaction
when the band edge absorption is at around 610nm. The size of CdS/CdSe is determined
from TEM images, 6.1 + 0.5 nm in diameter in average (standard deviation of 8%
compared to the average value), which corresponds to ~1.8nm thickness of CdSe
emissive layer in Figure 3.11(b). This value is consistent with the size we calculated
before the synthesis. It means this layer grows homogeneously, all the precursors were
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consumed on the CdS seeds, rather than forming the secondary population of pure CdSe
nuclei.
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Figure 3.11 (a)Absorption spectrum of CdS/CdSe in hexane: variety color curves represent
different aliquots taken during size growing, showing a red shift; (b)TEM image of CdS/CdSe at
400000X magnification, inset is the histogram of size distribution of ~100 particles.

The absorption and photoluminescence spectra of different size spherical quantum
wells are presented in Figure 3.12. Photoluminescence spectrum is acquired on a FS5
spectrometer from Edinburgh Instruments. Samples suspended in hexane or toluene
(35nm and 40nm diameter SQWs samples cannot be dispersed in hexane) are excited at
405nm. In order to interpret the onset of the CdS shell growth, we plot the CdS/CdSe
spectrum as a reference. First, absorption at wavelength inferior to 510nm is dominated
by the CdS shell, thus the increased absorbance indicates the growth of the shell
Meanwhile, the volume ratio of CdSe layer to CdS shell reduce continuously, making that
the absorbance of the CdS shell is prevalent and the peak features of CdSe are nearly
disappeared and negligible. Secondly, an obvious red shift after the formation of shell is
attributed to the delocalization of electrons in the entire nanoparticle. For a quasi-type II
energy band alignment, the degree of confinement reduces as the size increases, leading
to a continuous low energy shift. However, we observed the identical emission position
for variety SQWs synthesized, approximately at 650nm. The reason of this behavior is
that we study ultrathick shell nanocrystals, where the change in energy gap is already
very small[3].
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Figure 3.12 Absorption(left) and photoluminescence(right) spectra of CdS/CdSe and different
sized spherical quantum wells: 15nm, 20nm, 25nm 30nm, 35nm, 40nm.

The FWHM of all the SQWs samples is around 30nm, as we know, this value is
strongly influenced by the polydispersity of the sample. Typically, CdSe quantum dots
with a low polydispersity have a FWHM of around 20 to 30 nm. Considering the
difficult-to-control size distribution of our samples due to their large size, 30nm width
basically corresponds to monodispersed samples. Compared to 55nm of FWHM in the
gradient potential QDs with comparable dimension in the previous report[37], the
interpretation of the narrow linewidth is the relatively smaller size dispersion, as well as
the small structural strain dispersion in sandwich-like structure[81].

Figure 3.13 Image of different size SQWs from 15nm to 40nm dispersed in hexane or toluene
with the same concentration under white light and UV light excitation.

All of the samples with same concentration under white light and UV light are shown
in the Figure 3.13. Here, the quantum yield is measured with relative and absolute
methods. The relative method is only applied for the measurement of smaller SQWs
(15nm and 20nm). The quantum yield in solution are around 80% (reference sample is
Rhodamine 101). And the quantum yield in film of larger SQWs (30nm and 40nm) are
about 35% measured by absolute method. Owing to the energy transfer in film sample,
the quantum yield should be higher in the case of solution. This high quantum yield in
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such giant particles suggests the influence of the misfit defects as the shell grows is
negligible in SQWs compared to the conventional core/shell structure.

3.3.2.2 Photoluminescence excitation spectroscopy

Photoluminescence excitation spectrum is measured with low concentration samples
(absorbance<0.1 at the whole measurement range) to exclude the impact of self-
absorption. As we introduced above, PLE spectra allow us to identify the secondary
nucleation through the comparison with absorbance. We acquired the PLE spectra on FS5
spectrometer from Edinburgh Instruments. As shown in Figure 3.14, we compared PLE
spectra and ABS of CdS/CdSe and spherical quantum wells.
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Figure 3.14 Comparison between ABS and PLE spectra. (a) CdS/CdSe and the same sample with
additional ligands measured at maximum emission; (b) spherical quantum wells (30nm in
diameter).

As shown in Figure 3.14(a), in comparison with ABS, the intensity of PLE spectrum
of CdS/CdSe behaves slightly lower at short wavelength. After adding the carboxylate
ligands, we observed an enhancement of the PLE intensity. Indeed, a part of the ligand is
stripped during purification process, leading to the formation of the traps involved with
dangling bonds. The capture of carriers by the traps is responsible for the reduction of the
PLE curve. And the additional ligands can decease the traps by bonding with the dangling
bonds, resulting in the increase in the emission intensity. Therefore, the discrepancy
between PLE and ABS is not caused by the secondary nucleation, we are allowed to
conclude the samples are homogeneous.

For spherical quantum wells in Figure 3.14(b), we selected three emission
wavelengths near the bandgap, the monodispersity of sample can be manifested with the
identical PLE. Besides, the intensity of the PLE spectrum below 510nm should mainly
indicate the presence of CdS shell. However, when compared with ABS, a discrepancy
between two spectra can be seen, implying a small part of secondary nuclei CdS core
existence in this sample. The impact of this small quantity of nuclei is acceptable in our
work. And size-selected purification can be applied to separate two populations with
different size.
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3.3.2.3 Structural characterization

Figure 3.15 is the transmission electron microscopy images with different sized
SQWs, the measurement was performed at magnification 30000X. The sample with a
relatively low concentration was dropped on the copper grid. And then this mesh grid was
degassed under vacuum overnight to remove ligands and solvent. TEM images allow us
to visually compare changes in size and shape of samples. We clearly observed the
increase in nanoparticle size, implying the successful shell precursors deposition on the
core. The synthesized particles exhibit a faceted morphology and somewhat irregular
shapes, as frequently observed for large core/shell QDs[4]. Since the shape of our
samples is strictly not spherical, we selected maximum Feret diameter to represent the
size of these samples. The size is estimated by software Imagel, but the overlap between
nanoparticles in large sample image compels us to measure them manually. The
diameters of the samples are characterized from 15 nm up to approximately 40nm,
exceeding the size of almost all published QDs until now. The size distribution standard
deviations are around 12%, 10%, 15%, 10%, 10% and 12%, respectively (Figure 3.15,
mset). These size dispersions are well enough for such large nanoparticles.

40 nm £

Py ;
Figure 3.15 Transmission electron microscopy (TEM) images of different size SQWs at
magnification 30000X, insets are histograms of size distribution.
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We have synthesized a series of SQWs(CdS/CdSe/CdS) with different shell
thickness, the total diameter is from 15nm up to around 40nm. The successful coating of
the shell is demonstrated by analyzing the optical spectra and TEM morphology, all the
samples emit at approximately 650nm with a narrower FWHM(~30nm). The narrow
linewidths and about 10% deviation from TEM images are the evidence for the good size
dispersion. Additionally, we have proved the SQWs synthesized exhibit high quantum
yield ~80%, even for the giant 40nm SQWs the quantum yield in film is around 35%,
which is the result of the reduction of misfit defects due to the release of the structural
strain in SQWs.

3.4 Colloidal Synthesis and Characterization of Hererostuctural
Nanoplatelets

Nanoplatelets have been applied in many applications since it was first synthesized
in 2008[77]. In this thesis, we will discuss another potential application as a kind of
scintillating material. Due to the giant oscillator strength in nanoplatelet, its decay time is
much faster than in traditional QDs, which is a significantly attracting property to the
fast-timing radiation detection. Therefore, here, our aim is to synthesize different
heterostructural NPLs: core/crown(C/C), core/shell(C/S) and core/crown/shell (C/C/S) to
explore the underlying physics under X-rays excitation, and also to compare the
difference on their scintillation behaviors.

3.4.1 Chemical materials

— 1- octadecene, 90%,CAS : 112-88-9. Sigma Aldrich

— I-dodecanethiol, 98%, CAS : 112-55-0, Sigma Aldrich

— cadmium acetate dihydrate, >=98%, CAS : 5743-04-4, Sigma Aldrich

— cadmium nitrate tetrahydrate, >99%, CAS : 10022-68-1, Sigma-Aldrich

— ethanol>=99%, CAS : 64-17-5, Carlo Erba

—  hexane, CAS : 110-54-3, Carlo Erba

— oleic acid, 90%, CAS : 112-80-1, Alfa-aesar

— oleylamine, 80-90%, CAS : 112-90-3, Acros

— selenium, 99.99%, CAS : 7782-49-2, Strem

—  sulfur, 99.99%, CAS : 7704-34-9, Strem

— sodium myristate, >98%, CAS : 822-12-8, TCI

— toluene, 99.9%, CAS : 108-88-3, VWR

— trioctylphosphine, 97%, CAS : 4731-53-7, Sigma-Aldrich

— zinc acetate dihydrate, >=99%, CAS : 5970-45-6, Sigma Aldrich
Unless otherwise specified, all chemical materials are used directly without further

purification or treatment.

3.4.2 CdSe nanoplatelets
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First, we started with the synthesis of CdSe core NPLs: 4ML CdSe nanoplatelets
having four complete monolayers of CdSe with an additional layer of Cd atoms were
synthesized with a slightly modified recipe from the literature[77]. In a three-neck 250
mL flask, 1.02g of cadmium myristate and 70 mL of ODE were loaded. The solution was
degassed and mixed under vacuum at 90°C for 1 hour, the vacuum pressure being lower
than 0.3mbar, to remove oxygen and undesired solvents. Then, 72 mg Se was dissolved in
2mL ODE, and it was rapidly injected into the flask under an inert atmosphere (argon).
Afterwards, the temperature of the solution was set to 240°C. When the solution color
becomes bright yellowish (generally around 205°C), 300mg cadmium acetate was added.
The time of acetate addition is very important for the reaction yield of 4ML NPLs. After
reacting for 10 min at 240°C, the solution was cooled to 150°C and 6mL OA was
injected. Adding OA at high temperature is more effective, while injection of OA at low
temperature will cause the aggregation of NPLs. Then, the temperature was continued
decreasing to RT. When the solution temperature approached to the boiling point of
hexane 69°C, 90 mL of hexane was injected to avoid the stacking of NPLs. The
preliminary solution usually contains the surplus precursor and the byproduct as 3ML
NPLs and QDs. Due to the difference in the size of different types of particles, we
separate 4ML NPLs through size-selective purification step. By adjusting the ratio of
solvent and anti-solvent, 3ML NPLs can be centrifuged out first. Next, further dissolution
and re-precipitation can separate out ultra-small QDs. Therefore, we can get rid of the
undesired byproduct and obtain the pure 4ML NPLs. Finally, the nanoplatelets were
dispersed in hexane.
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Figure 3.16 Absorption and normalized photoluminescence spectra of 4ML nanoplatelets. The
excitation photon wavelength is 350nm.

Absorption and photoluminescence emission spectra of these CdSe core NPLs are
given in Figure 3.16(a,b). The sharp excitonic features in absorption spectrum are
observed around 480nm and 511lnm, corresponding to electron/light hole (LH) and
electron/heavy hole (HH) transitions, respectively, and the feature around 420nm is
assigned to split off (SO) transition[90]. Furthermore, the very sharp emission profile of
NPLs at 512nm is observed in the PL spectrum, the linewidth is narrower than 10 nm,
indicating the high monodispersity.
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Figure 3.17 TEM images of 4ML CdSe NPLs.

TEM image of CdSe NPLs is shown in Figure 3.17. Although the morphology is
irregular, most of the particles are rectangular-like, with the smallest lateral side length
about 10nm. And the thickness of 4ML is around 1.2nm. So both of side lengths surpass
the exciton Bohr radius of 2D CdSe, which is around 3.5nm[89,124], only vertical
dimension is confined and no lateral confinement could be observed. These CdSe NPLs
will be used as a core for the subsequent synthesis of core/crown, core/shell and
core/crown/shell architectures.

3.4.3 Core/crown CdSe/CdS

In the past decade, the core/crown NPLs structure has received tremendous attention
due to its excellent physical and chemical properties[92,125,126]. Here, we tried several
different approaches to perform the synthesis, in order to obtain high quantum efficiency
and uniform shape, including shell precursors mixture solution injection and different
kind of anion precursor injection.

Approach 1: Anisotropic Growth Solution injection.

Anisotropic growth solution was prepared following the previously published
procedure with slight modifications(scale up the quantity of precursors)[92]. The
preparation is divided into two steps. First, for Cd precursor, 960 mg of cadmium acetate
dihydrate, 680uL of OA, and 4 mL of ODE were loaded in a three-neck flask. The
solution was heated to 100°C under vacuum for 20 min until the formation of whitish
color homogeneous gel. For the preparation of S precursor (0.1M S-ODE), 150mL of
ODE in 250 mL three-neck flask was degassed to remove air and water at 70°C for 30
min. Then under argon 480 mg sulfur was added. The temperature was set to 140°C until
a slight yellow solution formed and then cooled down to RT. Then Cd precursor was
mixed with 6 mL S precursor, heating and sonication steps were followed alternatingly
till two precursors completely mixed, and then the anisotropic growth solution was used
for the CdS crown coating.
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For crown synthesis, 3mL 4ML NPLs (20 uL core nanoplatelets dissolved in 3mL
hexane has an absorbance of 0.15 at 350nm) and 5SmL ODE were loaded into three-neck
flask. The hexane was removed in vacuum for 1 h at 65°C. Subsequently, the temperature
was heated to 210°C under argon and then different quantities of anisotropic growth
solution was injected at 8 mL/h. After the injection, the solution was cooled down to
room temperature and ImL OA was added at 80°C to avoid the aggre gation. The solution
was purified by ethanol and hexane only once. Finally, the C/C NPLs was dispersed in
hexane.

Approach 2: Single precursor injection-- S-ODE

First, a 0.05M S-ODE precursor was prepared by mixing 8mg of sulfur powder into
SmL of ODE. Afterwards, it was ultrasonicated for at least 30 min until a slightly turbid
solution without visible precipitate. For crown growth, 4mL of ODE, 190uL of OA and
160 mg of Cd(Ac), were combined into a 50 mL three-neck flask, then degassed for 1h at
65°C. SmL NPLs was injected into the flask under vacuum. Then the solution was heated
up to 220°C under argon. When the temperature reached 210°C, the S precursor was
injected at 20 mL/h. After the injection of desired amount precursor, the solution was
cooled down to room temperature, and 0.6mL OA was added at 90°C to avoid the
aggregation. The solution was purified by ethanol and hexane only once, and then
dispersed in hexane.

Approach 3: Single precursor injection--TOPS

Alternatively, crown synthesis based on the TOPS was a slightly modified procedure
from the literature[125]. At first, we prepared 1 M TOPS solution by dispersing 160.3 mg
of sulfur into SmL of TOP. The solution was stirred overnight at room temperature in an
air-free glovebox to ensure the S powder was completely dissolved. To avoid the
oxidization, the solution was stored in the glovebox. Afterwards, 0.5mL of 1M TOPS
solution was diluted in 9.5 mL ODE to form 0.05M TOPS, preparing for the crown
growth procedure.

To overcoat a CdS crown, 8 mL of ODE, 180 mL of OA, 96 mg of Cd(Ac), and 4mL
of 4ML CdSe NPLs were combined nto a 50 mL three-neck flask. As usual, the mixture
was degassed in vacuum for 1 h at 60°C. Subsequently, the solution was heated up to
240°C under an argon atmosphere. When the temperature reached 215°C, 2 mL of 0.05M
TOPS precursor solution was injected at the rate of 12 mL/h to form a thin crown. After
completion of the injection, unlike the previous two approaches, the solution was directly
cooled down to room temperature without additional OA. The solution was washed by
addition of a 2: 1 ethanol : hexane mixture. The resulting C/C NPLs was finally
redispersed in hexane.

The absorption and photoluminescence spectra of C/C NPLs synthesized by different
methods were presented in Figure 3.18. They exhibit consistent electronic features. In
comparison with core 4ML NPLs, with the formation of CdS crown layer, a new
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absorption peak appears at around ~400nm. By adjusting the amount of precursors, the
CdS crown absorption peak becomes more pronounced, leading to a significant increase
in the absorption cross section. However, the PL spectra show no significant change
compared with core NPLs, this is ascribed to the lateral growth, maintaining the
confinement on vertical dimension. The emission peak of all synthesized C/C NPLs is at
approximately 515nm, only a slight redshift (around 3nm) in the spectra can be observed,
which is caused by the change of dielectric constants due to the formation of the CdS
crown[127].
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Figure 3.18 (a)Absorption spectra of CdSe/CdS core/crown NPLs with the crown increasing, (b)

photoluminescence spectra of C/C NPLs synthesized by three methods with different crown size,
comparing with core 4ML NPLs.

From the TEM images, the core/crown NPLs synthesized with S-ODE involved
approaches usually show the irre gular shape, as shown in Figure 3.19(a) and (b). On the
contrary, the particle fabricated with TOPS gives a regularly shaped C/C NPLs with
straight edges (Figure 3.19(c)) and this extreme uniform shape has been reported to cause
a further increase of the quantum yield. It is also certain that the regular shape is helpful
for subsequent overcoating and application. Replacing the common S-ODE with TOPS
was demonstrated to affect the reactivity of sulfur, and the low reactivity was responsible
for the formation of uniform shape[125]. Additionally, the PLE of C/C NPLs measured at
three different selected wavelengths is illustrated in Figure 3.19(d), the emission at these
three wavelengths originates from the same luminescent species since exactly similar
spectral profiles are obtained, suggesting a great monodis persity in this core/crown NPLs.
The analogous PLE has been observed for all the C/C NPLs in this thesis.
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Figure 3.19 TEM images of core/crown NPLs synthesized by three different approaches, (a)

anisotropic growth solution, (b) S-ODE, (¢) TOPS. (d) PLE of core/crown NPLs(approach 3) at
different emission wavelengths (as shown in inset).

3.4.4 Hot-injection alloyed core/shell CdSe/CdZnS

Motivated by the core/shell structure of QDs, in order to improve the performance of
NPLs, different approaches and materials have been constantly investigated to fabricate
heterostuctural core/shell NPLs. To date, shell coating is usually achieved by two
approaches. First, by alternately depositing cation and anion layers at low temperature,
colloidal atomic layer deposition (c-ALD) techniques are able to form highly uniform
growth shell with atomically precise thickness control[128]. However, c-ALD approach
usually suffers from low quantum yield and poor stability issues. On the other hand, by
adding the precursor of shell at high temperature, one can obtain core/shell NPLs with
uniform and high quantum efficiency. But the lower thermal stability of NPLs, compared
to that of QDs makes the high-temperature shell growth method difficult to perform in
the NPLs system. To prevent etching and dissolution of the NPL cores prior to shell
growth, Rossinelli ez al. investigated different reaction solvents to develop a hot-injection
shell growth method to coat a thick CdS shell on CdSe NPLs[129], which was
demonstrated with predictable better chemical and optical quality.

Hence, our synthesis is according to the recently reported protocol to form an
alloyed CdZnS by hot injection[130]. Specifically, 14mg of Cd(Ac),, 34mg of Zn(Ac)s,
0.5 mL of OA, 5 mL of ODE and 5SmL of CdSe core NPLs was loaded in a 50 mL three-
neck flask together. The mixture was degassed at 80 °C for 1h to remove oxygen,
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moisture, and hexane. Meanwhile, the precursors were reacted to form Cd(OA), and
Zn(OA),. Then, the solution was heated up to 300°C under argon atmosphere.
Subsequently, 0.5mL of oleylamine was injected quickly at 90°C. 350uL of 1-Octanethiol
dissolved in 20mL of ODE was injected at 165 °C at 10 mL/h. The addition of precursors
at relatively low temperature can limit the destruction/etching of the core NPLs. Then the
injection rate was decreased to 4 mL/h when the temperature reached 240°C. After the
complete injection, the solution was kept for 50 min at 300°C for annealing and full
consumption of unreacted precursors. Then the solution was rapidly cooled down to room
temperature, and 5 mL hexane was added at 60°C. Finally, the core/shell NPLs was
precipitated by ethanol, and redispersed in hexane.
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Figure 3.20 Absorption and photoluminescence spectra evolution of three core/shell CdSe/CdZnS
NPLs with the increasing shell thickness.

We successfully synthesized three different thicknesses core/shell NPLs, emitting at
615nm, 631nm and 671nm respectively. The absorption and photoluminescence spectra
are given in Figure 3.20. In comparison with core NPLs, the absorption spectra also
possess the clear HH and LH transitions peak, but the difference is that the excitonic
features have been experienced a strong red shift when the shell is coated. This red-shift
continuously increases with the increase in CdZnS shell thickness which can be explained
by the decrease in quantum confinement. Besides, since the Cd reactivity is higher than
that of Zn, the inner shell is mainly composed of CdS, and the outer surface is Zn-rich.
The conduction band alignment difference of CdSe and CdS is negligible. Electron
delocalization into the shell could be another reason for the excitonic features red-
shifting. In addition, as the shell increases, the absorbance in the blue spectral region is
enhanced, resulting in the larger absorption cross-section. And the FWHM of PL spectra
are around 25nm for all the samples. The broadening, compared to 4 ML NPLs, is
attributed to stronger coupling to phonons in the shell[131]. The quantum yield in thin
films is measured as approximately 50% for all the samples by absolute method.
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Figure 3.21 Photoluminescence excitation spectra of core/shell CdSe/CdZnS NPLs with different
thickness shell measured at different emission wavelengths.

In order to verify the uniformity of the shell growth, we measured the core/shell
CdSe/CdZnS NPLs PLE spectra at different emission wavelengths, as shown in Figure
3.21. The same excitonic features taken at fluorescence peak position and on both sides
have been observed, which suggests a uniform coating of the shell and the induced
inhomogeneous broadening is negligible. Moreover, from the TEM images in Figure
3.22(a), the shell growth is manifested as the change of the vertical thickness of
nanoparticles, the thickness of the small core/shell NPLs is determined as around 3.5nm
(4ML core NPLs thickness is ~1.2nm), which matches with the estimated thickness of
~1.2 nm. It corresponds to 4 monolayers shell. And the thickness for medium and large
core/shell NPLs are estimated as 4.2nm and 9nm, corresponding to SML and 12ML shell
Though the core shape is irregular, all the core/shell NPLs appear the rectangular shape,
as presented in Figure 3.22(b) and (c).
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Figure 3.22 TEM images of different thicknesses core/shell CdSe/CdZnS NPLs. (a) and (b) are
core/shell s, the arrow shows the vertical thickness is around 3.5nm, (c) and (d) are core/shell m
and core/shell 1, respectively.

3.4.5 Hot-injection core/crown/shell CdSe/CdS/CdZnS

More complex architecture core/crown/shell NPLs has been recently employed to
achieve amplified spontaneous emission(ASE), with an ultralow threshold of ~ 800
nJ/cm?. This is attributed to the combination of the characteristics of C/C and C/S in this
structure, that is, large absorption cross-section and suppressed Auger non-radiative
recombination[115]. However, so far, the synthesis approaches of C/C/S NPLs are all
based on c-ALD[97,98,115], resulting in low quantum yield and poor stability. In this
thesis, we try to apply the hot-injection protocol to fabricate the core/crown/alloyed shell
CdSe/CdS/CdZnS NPLs.

The procedure is similar with C/S synthetic method. Core NPLs were replaced with
3mL C/C NPLs(10mL in total, synthesized with TOPS) as the seeds, and they were mixed
with 12 mg of Cd(Ac),, 27.5 mg of Zn(Ac),, 0.5 mL of OA and 5 mL of ODE into 50 mL
three-neck flask, following by the degassing and reaction process. Then the solution was
heated up to 300 °C under argon atmosphere. 0.5mL of oleylamine was injected quickly
at 90°C. 350uL of 1-Octanethiol was dissolved in 20mL of ODE, and the injection rate
was set as the same as above 10mL/h first, and then turned to 4mL/h until 7mL precursor
was consumed. After the complete injection, the solution was kept for 20 min at 300 °C
for annealing and then rapidly cooled down to room temperature. After washing and
precipitating, the final C/C/S NPLs was dispersed in hexane.

Zhu MENG 74



Colloidal Synthesis and Characterization of Spherical Quantum Wells and Nanoplatelets

In the Figure 3.23(a), we presented the absorption and photoluminescence spectra of
C/C/S NPLs and an absorption spectra of C/S NPLs with the similar emission wave length
(dark dash). Except for the heavy hole and light hole transitions, the C/C/S exhibits a
larger absorbance than that of comparable C/S NPLs, particularly in the blue spectral
region. The marked increase at around 500 nm that is related to absorption from the
coating CdS crown. However, the excitonic features are broadened, the width of the
emission profile is around 40nm, larger than that of the regular C/S NPLs FWHM. To
examine the uniformity of our sample, the PLE is shown in Figures 3.23(b): the spectra at
different wavelengths of PL peak show the similar features, indicating that the origin
species are not very distinctive. Therefore, the polydispersity of the particles is not the

reason for the broadening of the spectrum.
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Figure 3.23 (a)Absorption and photoluminescence spectra comparison of core/shell (black dash
line) and core/crown/shell NPLs (red solid line). (b)PLE of C/C/S NPLs with different thickness
shell measured at different emission wavelengths.

From the TEM images in Figure3.24, the lateral shape is nearly monodispersed and
rectangular with average size (16nm and 34nm). The thickness in the center is around
3nm, corresponding to 3ML shell. However, the larger contrast has been observed at the
corners, indicating the vertical size is thicker at the corner than the center. The resulting
C/C/S NPLs thus form overall bone-shaped nanocrystals. Actually, this morphology has
also been observed in core/shell. The presumable growth process was reported by Andrea
Castelli et al.[132]. They explain it as anisotropic shell with double structures(zinc blend
and wurtzite type). A cubic shell at first grows in thickness, and then {111} facets might
be available at the corners, which provide suitable locations for the growth of a wurtzite
shell. Here, I think the efficient change observed in C/C/S is due to the peripheral CdS
crown promotes the wurtzite shell growth. And this bone shape should be responsible for
the larger linewidth. The quantum yield in thin film was measured as ~25%, the reduction
of the quantum yield compared to that of C/S NPLs is unknown, one of the interpretation
might be the defects generated on the corners.
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Figure 3.24 TEM image of core/crown/shell CdSe/CdS/CdZnS NPLs.

We have synthesized three different types of heterostructural nanoplatelets. First, for
core/crown CdSe/CdS NPLs, by using the TOPS instead of the S-ODE as a S precursor,
we achieved the improvement of the morphology with the rectangular shape, which is
beneficial of the subsequent coating and the application. The low reactivity of sulfur in
TOPS has been demonstrated to be responsible for the formation of uniform shape[125].
Secondly, we prepared the core/shell CdSe/CdZnS NPLs with three varying thicknesses
by hot-injection approach. The quantum yield in film was kept around 50% for all the
samples, which indicated the alloyed shell leads to the decrease in the defects induced by
the lattice mismatch. Therefore, we will employ these samples to investigate the size
dependence of scintillation properties on 2D nanocrystals. Finally, for the first time, we
synthesized the core/crown/shell NPLs via the hot-injection methods, 3ML CdZnS was
successfully coated on the CdSe/CdS. Though the broadening emission linewidth and a
moderate quantum yield in thin film were obtained, due to larger absorption cross section,
we believe that with the further development on the synthesis, this configuration will be
promising.

3.5 Conclusion

In this section, based on the fundamental colloid nanocrystal synthetic theory, we
first successfully synthesized a series of SQWs with different shell thickness. The total
diameters of resulting SQWs are from 15nm up to approximately 40nm in diameter,
exceeding the size of almost all published QDs until now. Thanks to the release of the
structural strain in this sandwich-like configuration, the misfit defects in giant particles is
much less than in conventional QDs, which is demonstrated by the high quantum yield
(up to 80%) for 15nm and 20nm SQWs, even for the larger particles(40nm) the quantum
yield is around 35% in thin film. The samples are also characterized with narrower
photoluminescence spectra linewidth and an homogeneous morphology, suggesting the
good quality of the synthesized samples. Besides, we have also fabricated different
heterostructural NPLs, including core/crown, core/shell and core/crown/shell. Through
using TOPS replaces the traditional S-precursor, we achieved the formation of the regular
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shape of core/crown NPLs. And via hot-injection methods, three different sized core/shell
NPLs with high quantum yield have been prepared. For the first time, we synthesized a
core/crown/shell NPLs through the hot-injection method, though the quantum yield is
only 20% in film, this experiment proved the possibility to fabricate this structure by hot-
injection methods. These samples will be applied in the subsequent research regarding
scintillation mechanism of nanocrystals under ionizing radiation.
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Chapter 4

Scimtillation properties of spherical quantum wells
under X-rays excitation

The breakthrough of the Auger recombination suppression has stimulated the
development regarding the application of the multiexcitons phenomena in semiconductor
nanocrystals, such as low-threshold NCs lasers, light emitting diodes, as well as solar-
energy conversion[4,133—135]. In addition, another attractive application is for radiation
detection scintillator materials. So far, there have been several related
reports[8,10,11,136], but a few were reported on the energy deposition and relaxation
process of high-energy photons in NCs.

Therefore, in this chapter, we first introduce several characterization techniques used
here, including steady-state radioluminescence spectroscopy and time-resolved
measurement. Next, we will compare the temporal and spectral features under intense
optical excitation and X-rays excitation of SQWs with different sizes to realize the
identification and assignment of excitation species, involving single exciton and
multiexcitons recombination. The scintillating behavior evolution with the size of SQWs
is further given. By comparison of spectral analysis with numerical simulations, we are
able to draw a picture of a fundamental understanding of the underlying physics in the
scintillation process of such nanocrystals.

4.1 Experimental setups
4.1.1 Radioluminescence setup

The light emitting induced by ionizing radiations is referred as scintillation
sometimes also called radioluminescence(RL). The measurement setup under X-rays
excitation in our laboratory is presented in Figure 4.1, which consists of an X-rays tube, a
monochromator and a CCD. The technical difference from PL measurement setup is that
the incident X-rays is generated in a protective cover to prevent the leak of the radiation.
And then for the sample preparation, unlike that of the photoexcitation, glass and quartz
substrate are usually not the good candidates for measuring scintillation luminescence
under X-rays excitation, because the excitation can be strongly absorbed and their
intrinsic scintillation signal, even with a poor yield introduce a significant effect on the
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sample spectrum because of the significant X-rays absorption as compared to the studied
film (a few tens of nm). Furthermore, the amount of nanoparticles in the solution sample
is relatively low, making an inefficient absorption and emission intensity under X-rays
radiation. Hence, instead of dispersed NCs in cuvette, X-rays induced luminescence can
only be performed using a solid film sample dropped on Si substrate. Additionally, our
setup can also be employed to achieve the PL measurement, facilitating the spectra
comparison with radioluminescence.

Figure 4.1 Schematic representation of radioluminescence and photoluminescence setup.

4.1.2 Time-resolved measurements

Time-resolved spectroscopy is a useful technique to study excited state dynamics of
nanocrystals and the understanding of complex spectral shapes. It gives us the
opportunity to observe, explore and understand the fast time multiexcitons events taking
place in the NCs. Here, decay curve measurement and time resolved emission spectrum
are presented.

4.1.2.1 Decay curve measurement

Decay curve measurement is using time-resolved spectroscopy to record the
fluorescence decay curves of the samples. Since the PL signal is proportional to the
average number of exciton formed in the excited NCs, it allows to directly measure the
exciton population in time following the different kinetic recombination processes. The
setup consists of a pulsed laser emitting at 405nm, a monochromator, a photomultiplier
tube (PMT), PicoHarp300 time-correlated single photon counting (TCSPC) and several
filters, as shown in Figure 4.2. In principal, a pulsed laser excites the sample and triggers
the counting, and then the emitted photons from the sample after a certain time are
detected by a PMT at a selected wavelength. The electronic system records the time
between the laser pulse generation and the sample’s photon detection. At the end, the
detected photons are counted as a function of the time. This process is repeated millions
of times. These photon counts from many excitation events compose a histogram to form
decay curve over time. The smallest time bin of our TCSPC is 16ps, while the overall full
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width half max spans from 200ps to 400ps depending on the set power of the laser, which
is high enough to analyze the multiexcitons with a lifetime of on the order in the ns range.
Moreover, the laser repetition rate must be slow enough to ensure that all the excitonic
species have time to recombine before the next laser pulse. Typically, the repetition time
is at least 3 times longer than the longest lifetime of the NCs. In addition, in order to
avoid artefacts caused by the high emission intensity, we keep the input counts value
lower than 5% of the laser repetition rate.

sync out

Laser driver

Laser head

i

filter

Figure 4.2 Schematic representation of photoluminescence decay curve measurement setup.

By analyzing the kinetics of fluorescence decay curves, one can obtain information
on the sample’s photoluminescence lifetime, which is an important characteristic of NCs.
Theoretically, this decay curve can be fitted by an exponential with a time constant k =
I/t which is the lifetime:

N(t) = N(0)e~*t = N(0)e /= (4-1)

However, when considering the polydispersity of the sample or several
recombination pathways, like the multiexcitons, these yields to different
monoexponential decays, resulting in the multiexponential fitting of the measured decay
curve as in the following equation:

_t/T _t/‘[ _t/‘r _t/'[ :
Aie "1+ Ajye T2+ Aze B+ Age 4+ Noise (4-2)

By adjusting neutral density filter, we are allowed to acquire the decay curve under
variety laser powers. Based on the definition of the multiexcitons, we can identify the
excitonic species through the analysis of the power dependence on each time constant.
Therefore, it is a very commonly used technique to study the radiative and non-radiative
recombination of multiexcitons. Besides, in this thesis, this setup can be modified to
perform the decay curve under X-rays excitation. The specific adjustments can refer to
the relevant part in Figure 4.3.
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4.1.2.2 Time resolved emission spectrum

Due to the ultra-fast recombination characteristics of multiexcitons, steady-state
spectroscopy is not the most efficient approach to observe multiexcitons emission
features. Inspired by the time-resolved decay curve measurement, we take the decay
curves at different wavelengths, and then integrate the counts of emitted photons at
different times over the whole measured spectral range through a homemade program to
obtain fluorescence spectra under different time windows, which is called as time
resolved emission spectrum. In this case, we are allowed to extract the extremely fast
recombination components from the entire spectrum, enabling a direct comparison
between multiexcitons and single exciton recombination spectra. Combined with the
fluorescence decay curve, it can be beneficial for us to have a deeper understanding of the
excitons dynamics in nanocrystals.

MCS6A
sync out e —
Laser driver | J
PMT homemade
program
Monochromator
longpass-filter =

Normatzed P inersdy

high accelerating voltage
—_—]

Figure 4.3 Schematic representation of time resolved emission spectrum setup under X-rays
excitation

The schematic representation of experimental setup is given in Figure 4.3, which is
exemplified as X-rays excitation. It consists of a pulsed laser, an X-rays tube, a PMT, a
monochromator and a multichannels counting MCS6A. Samples were mounted in front
of the window of the X-rays tube. First, a laser pulse triggers the counting to start,
simultaneously, pulsed X-rays with same repetition rate are generated by the laser at
405nm to excite the samples. Then by scanning the wavelength in monochromator, the
emitted photons are collected by PMT after a certain time to form the decay curve of
different wavelengths in MCS6A. Subsequently, the homemade Labview program
integrates decay curves for all wavelengths describing the emission spectrum. The time
gating is done after a post treatment, with a variety of time windows, giving a time
resolved emission spectrum. Similar to the lifetime measurement, it can also be used for
photoexcitation measurement with slight modification (Figure 4.2). The power dependent
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spectra can be acquired by adjusting the neutral density filter. However, the difference is
that the TCSPC is replaced by a multichannel counting, to overcome the artificial issue
caused by the deadtime of TCSPC in the case of a great amount of emitted photons. The
drawback is the minimum time bin restricted to 800ps, making it less resolving for the
lifetime record.

4.2 Possible mechanism in nanocrystals and simulation
4.2.1 Possible scintillation process in nanocrystals

It is well known that multiexcitons can be produced by absorbing more than one
photon in a very short time window from the same pulse upon intense optical excitation,
following by the thermalization process and relax the carriers to the lowest energy state,
as shown in Figure4.4(a). Alternatively, the multiexcitons can also be generated through a
carrier multiplication process with the absorption of a single photon whose energy is at
least twice than the energy gap. Twice the gap is the minimum required from energy
conservation considerations, but in general it is admitted that it requires several times the
gap [137]. The hot electron releases its energy by inelastic scattering with another
valence electron, promoting it into the conduction band. Inspired by the carrier
multiplication of moderate energy photon, the involved mechanisms under X-rays
irradiation and more generally under ionizing radiation can be speculated. The energetic
electron interaction with matter is undoubtedly a complex process involving multiple
time, energy and space scales, therefore the process differs significantly from the
moderate photon excitation. In brief, the X-rays photon interaction with materials leads to
the photo-ionization of an electron from a core band generating a primary highly excited
electron-hole pair composed of a core hole and a hot electron (several keV). The primary
electrons essentially escape from the material and generate secondary electrons by elastic
collision. Subsequently, these unstable hot carriers will undergo the carrier multiplication
process. Once secondary electron-hole pairs cannot be produced due to the lack of energy
as compared to the gap, the thermalization process becomes dominant and phonons are
produced, ultimately forming exciton and multiexcitons and emitting light when the
radiative transitions are favorable. The plausible mechanisms are sketched in Figure
4.4(b). The hole relaxes mainly through Auger cascade generating as well secondary
electron-hole pairs. In a less extend, X-rays florescence occurs. Unlike bulk scintillating
materials, instead of transporting the charge carriers up to their radiative recombination or
their energy transfer to a luminescence center[64,138], the case on nanocrystals
experience significant escape of charges, depending on the particle size, as described in
Bulin et al.[80]. Motivated by this hypothetical analysis, we will explore the scintillation
characteristics in NCs by comparing the optical response under X-rays and intense light
excitation.
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Intense optical excitation X-ray excitation

Figure 4.4 Schematic representation of the multiexcitons formation process in nanocrystals (a)

Absorbing three low energy photons simultaneously by intense pulsed excitation, (b) Simplified
energy relaxation process by X-rays excitation (only three electron and hole pairs are shown).

4.2.2 Simulation of the scintillation process in nanocrystals

This simulation part has been fully performed by Prof. Andrey Vasil’ev from the
Lomonosov Moscow State University. In order to simulate the physical mechanisms
occurring along the energy relaxation, we used the micro-theory of scintillation fully
based on the dielectric response function of the material, which is recently observed in
the reference[139]. Originally developed for single crystals, the model has been adapted
for nanocrystals, namely considering the geometrical parameters of the SQWs and
introducing a work function in order to build up the energy diagram (Figure 4.5).
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Figure 4.5 Schematic energy band diagram and density of state function of the SQWs.
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Excitation of NCs under X-rays is due to fast electrons created from primary
photoelectric event in some SQWs. A fast electron with kinetic energy from 10 to 30 keV
produces secondary electronic excitations (SE) in a NC. The first part of the simulation
estimates the number of produced secondary excitations as a function of the particle
diameter. These secondary excitations (SE) have different total energies, and the
distribution of SE energies in bulk materials is proportional to the energy loss function
Im(—1/e(hw)) where € is the complex dielectric permittivity of the material, and it
depends on the energy lost Aw. It can be obtained from the Livermore database. For
isolated NCs the distribution of SE over energies deviates from the bulk energy loss
function due to appearance of surface plasmon resonances, but, for packed NCs, we can
use the bulk approximation. Because of the complexity, we have considered a two-step
procedure. First, the distribution of the number of scattering events per particle for the
primary electrons forming 1, 2, 3... energetic secondary electron-hole pairs are estimated.
Then, for a given number of scattering, i.e. initial number of SE, we estimate the time
dependence of the population of the formed neutral excitons (X, XX, XXX...) as well as
charges species (X", XX*...). This second part takes into account the electron-electron
interaction, the thermalization i.e the electron phonon scattering, the Auger process, a
work function of W=5eV as well as the radiative recombination considering the
following cascades (case of XXX) XXX -> XX +hvyyy > X+hvygy -> hvy. The
simulation is based on rate equations with changing of the number and charge of
excitations. It supposes a strong interaction of excitations in NC; the coefficients of rate
equations are proportional to the densities of states.
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Figure 4.6 (a)Energy loss function restricted to 0-25 eV for CdS and CdSe. (b)Distribution of the
number of scatterings for a 30keV primary electron for various particle sizes.

As for the distribution of the number of electron-electron scattering for the primary
electrons, we can approximate the mean energy of these excitations to be about the
plasmon energy corresponding to the maximum of the energy loss function presented in
Figure 4.6(a) (about 12 eV for CdS and CdSe). The mean number of SEs produced by an
electron passing through a NC is therefore (—dE /dx)Ax/hw,;, where (—dE/dx)is the
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stopping power (2.5 eV/nm for an electron having a kinetic energy of 30keV in CdS), Ax
the mean free path of an electron through NC with diameter d (Ax =2d/3) from
geometrical considerations). The number of SEs created in matter should be distributed
according to Poisson distribution. More accurate consideration demands techniques like
the one used by Landau when he described so-called Landau fluctuations, i.e. fluctuation
of energy deposited by a particle in thin layer with Ax width. Just for the estimation, the
average of the SEs with energy hw,,; produced by a fast electron in NC with diameter d is
distributed in nearly Poisson way as seen in Figure 4.6(b). As an intermediate remark, the
distribution of the number of SEs highlights that multi-SE is likely to occur even in the
15nm particles and is dominating at larger sizes. For that reason, we have considered for
the second steps of the simulation several initial situations where the particles contain 1,
2, 3... SE with energies distributed along the energy loss function.
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Figure 4.7 Simulation of evolution of excitations in NCs. (a) calculated time evolution of the
population of neutral excitations (1, 2, 3 ... electron-hole pairs) for a 25nm SQWs considering an
initial situation with a single secondary electron hole pair. Dashed curves corresponds to the
simulation without considering radiative recombination. (b) and (c) Same simulation with initial
situation with 2, 3 secondary electron hole pairs. For the simulation, radiative recombination
considers a radiative decay time: tx=50ns, tex=12.5ns, T1x=5.6ns. Excitation source: 20keV
photons.

For clarity, we present the time evolution of populations of neutral species for a
25nm particles in Figure 4.7. In order to describe the mechanisms prior to the radiative
relaxation, the dashed lines correspond to the simulated population when the radiation
recombination is turned off. It allows to highlight that the population evolutions of high
order excitons considering radiative transitions (solid curves) is almost superimposed to
the curves when the radiative recombinations are turned off (dashed curves) evidencing
that the Auger quenching is dominating. We thus did not consider photon emission of
higher order exciton than XXX. In order to extract the trends for comparison with
experimental data, the ratio of various emission species with the neutral X are
summarized in the Table 4.1.
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Table 4.1 The ratio of various emission species with the neutral X.

#SEs 15nm 25nm 40nm

1 0.22 0.25 0.29

XX/X 2 0.34 0.35 0.39
3 0.34 0.35 0.39
1 0.12  0.086 0.064

Xt/X 2 0.88 0.51 0.32
3 0.25 0.14  0.087

1 0.026 0.038 0.05

XXX/X 2 0.17 0.19 0.23
3 0.20 0.23 0.26

4.3 Steady state radioluminescence

To assess the scintillation property, a series of SQWs were tested under X-rays
illumination. As a first step toward probing the scintillation behavior in nanoparticles, we
compared steady state emission spectra under optical and X-rays excitations of 15nm,
25nm, 30nm and 40nm SQWSs deposited on silicon substrate. Before deposition, the
solution of SQWs was diluted in a solution of hexane : octane (9:1). The mixture of
hexane and octane can dry homogeneously avoiding the coffee-ring effect that
concentrates the NCs on the border of the drop[140]. The films were obtained by
dropcasting respectively 40puL, 20puL, 20puL and 10puL of solution concentrated at 3.5uM,
0.87uM, 0.57uM and 0.77uM and then the films were left to dry several minutes.
Because the goal is to compare spectral shapes under X-rays and optical excitation, it
requires to guarantee to be out of any significant self-absorption regime (able to modify
the spectral shapes), and radioluminescence is more sensitive to the thickness of the
sample since the extremely strong penetrating ability of X-rays. Therefore, very thin
films are required to perform the experiment. The steady state spectra were performed on
a SR-5001 imaging spectrometer from Oxford Instruments. When compared to the PL
spectra of the solution samples (abs<(0.1 at excitation wavelength) as shown in Figure
4.8, no obvious shift and broadening were observed, indicating the self-absorption and
energy transfer of the film samples were negligible.
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Figure 4.8 Photoluminescence spectra comparison of solution samples (black line) and film
samples (blue line).
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The accumulation time for photoluminescence and radioluminescence acquirements
are set as 10s and 600s, respectively. The PL spectra were measured under a weak optical
pumping at 405nm with a power of 3.5uW(unfocused). As show in Figure 4.9(black
line), a single band was observed, which is attributed to the single exciton (X) peaking at
1.914eV(648nm), 1.908eV(650nm), 1.907eV(650nm), 1.906eV(651nm) for respectively
the 15, 25, 30 and 40nm particles. In the case of X-rays excitation (35kV, 35mA on W
anode), the RL spectra exhibit a blue-shifted shoulder, and as the size increases, a small
blue shift of the maximum of emission is observed as the size increases (1.912¢V,
1.912eV, 1.914eV and 1.917eV)(Figure 4.9(red line)). We attribute this blue-shifted
shoulder indicated by the blue arrow to the multiexcitons emissions occurring under X-
rays excitation contrary to weak intensity optical[78]. The shift increases with the
increasing shell, might be caused by the discrepancy of the exciton-exciton Coulomb
interaction in different sized particles[45]. In addition, we also think the difference at low
energy side can be partially related to trap-related emission in larger NCs[141].
Considering intense photoexcitation and X-rays excitation, traps and defects are filled by
a great amount of carriers, leading to a reduction of trap-related emission. Therefore, X-
rays excitation differs from low power optical excitation which cannot generate
multiexcitons.
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Figure 4.9 Steady-state PL and RL spectra of a series of drop-cast SQWs (15nm, 25nm, 30nm,

40nm). Excitation source: 405nm light emitting diode(black line) and X-rays illumination at a
voltage of 35 kV (red line).

Since several studies have reported a rapid loss of emission intensity when the NCs
was exposed under X-rays or y-rays[74,142], it is necessary to examine the photostability
of our samples under high energetic excitation. Here, we applied the above smallest and
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largest (15nm and 40nm) SQWs for experiments to verify the photostability of the
samples. The experimental conditions are the same as above. The samples are placed
about 5 cm in front of X-rays output window, and irradiated with X-rays(35kV,35mA) for
up to one hour, during which RL spectra of different irradiation times are acquired, and
all the accumulation times are set to 400s to facilitate the comparison of emission
intensity changes at different irradiation times. As illustrated in Figure 4.10, we did not
observe any emission intensity degradation with the increase in irradiation time, even the
relatively smaller 15nm SQWs show excellent photostability. This implies that the
existence of thick-shell CdS achieves a well surface passivation, so that the sample is
able to resist the photo-oxidation induced by ionizing radiation, thereby reducing the
damage to the emission intensity. Since the accumulation time is 600s when the above
steady-state RL measurements were performed, there is no need to consider the effect of
degradation. And such a good photostability guarantees the reliability of the subsequent
experimental results.
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Figure 4.10 Emission intensity evolution with different X-rays illumination time of 15nm and

40nm SQWs. The X-ray images were recorded at a voltage of 35 kV. The accumulation time is
400s.

4.4 Photoexcitation
4.4.1 Photoluminescence decay curve measurement

Generally, steady state spectroscopy based on the ensemble samples does not enable
the differentiation and observation of high order multiexcitons. In order to further figure
out the specific excited state, we employ the time-resolved technique to observe the
short-lived components and realize the spectral and dynamical analysis of multiexcitons
under both pulsed laser excitation and X-rays excitation.

We first investigate the effect of shell thickness on the single exciton lifetime, by the
mean of the decay curve measurement with 15nm-40nm SQWs. The excitation source is
a Deltadiode from Horiba with the output light wavelength of 405nm and 100KHz
repetition. The pulsed laser is defocused to avoid the formation of multiexcitons(the
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photons absorbed per NC on average <N><<I). The decay curves are shown in the
Figure 4.11(a). As the shell grows, the lifetime of exciton is continuously prolonged. The
recombination rates strongly decrease in the larger NCs, which is consistent with the
delocalization of the electrons into the shell, leading to a reduction of electron-hole
wavefunction overlap[81]. The PL decay should theoretically be well fitted by an
exponential function. However, for large particles, apparently multiexponentials are
needed to fit the decay curves. For instance, 40nm SQWs, the lifetimes we extracted are
approximately 40ns, 180ns and a very long time constant 990ns. Here, we make a
hypothetical assignment of these lifetimes. First, we assign the longest lifetime to the
trap-related delayed emission. It involves the capture of the charge carriers of the traps,
and then a time-delay due to detrapping process, subsequently, the radiative
recombination of the recovered carriers at 1S;,1S. exciton state results in such a long
lifetime.

Secondly, the assignment of time constant 180ns based on the reference[81], in
which the single exciton of largest SQWs they prepared (15nm in diameter) is
characterized with around 60ns lifetime. Owing to significant reduction of the electron-
hole wavefunction overlap in our 40nm SQWs compared to the 15nm they studied, we
can expect the increase in the single exciton, thus the time constant 180ns is assigned to
single exciton. Due to the inevitable charging effect, the shorter time constant 40ns
probably comes from the charged exciton. The fitted single exciton lifetimes of the
ensemble samples are plotted in the Figure 4.11(b). Note that the single exciton of 15nm
SQWs is around 35ns, which is a little smaller than the reported value 60ns. Compared to
the one they reported with similar sizes (1.3/0.3/5.8nm), our samples (1.3/1.8/4.4nm)
with a thicker CdSe emissive layer can lead to the increase in electron-hole overlap
integral, which is responsible for the reduced lifetime. Additionally, we would like to
point out delayed emission in large particles extends the lifetime of single excitons to a
certain extent, so the fitted value may be overestimated compared to small particles.
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Figure 4.11 (a) PL decays of ensemble CdS/CdSe/CdS SQWs with varying shell thicknesses
under low intensity excitation without focusing and wavelength filter. (b) Single exciton
recombination lifetime for varying sized SQWs.

Zhu MENG 90



Scintillation properties of spherical quantum wells under X-rays excitation

In the following section, we will focus on 15nm, 25nm and 40nm SQWs. To observe
and analyze the dynamical evolution with varying excitation intensity, we first performed
the decay curve measurement to record the decay kinetics of drop-cast 15 nm SQWs
under different power photoexcitation, varying from 1nW to 35uW, the diameter of the
laser spot is around 4um. In Figure 4.12, the decay curves were recorded at three
different energy positions on the spectrum, which is illuminated by a low power
(a)(<KN>~0.003) and a relatively high-power photoexcitation(b)(<N>~4). For low power,
the PL spectrum is only composed of single exciton, although the detected wavelengths
are different, the decay curves obtained are consistent, indicating that they are derived
from the same excitation species recombination. When <N> is around 4, which makes
sure the possibility to generate the multiexcitons, we observe significantly different decay
behavior, where the proportion of fast components gradually increases with the blue shift
of the detection position. At 2.14eV, the rapid decay is on the order of the instrument
response (IRF). This indicates that there are different recombination pathways at these
three positions, involving the formation of single, charged and multiexcitons. Next, we
will discuss the spectra and dynamics of these excitation states in detail.
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Figure 4.12 Decay dynamics measured at three different energy positions of a drop-cast 15nm

diameter SQWs. (a) <N>~ 0.003, (b) <N>~ 4. Black curve in (b) is the instrument response
function (IRF).

Since multiexcitons states can be generated at high pump powers by rapid
successive absorption of multiple photons, the most common way to identify the
excitation species is the analysis of their power-dependent properties. We focus on the
dynamical signature at bandgap band(~1.9¢V) to identify the species specifically. The
decay curves show the strong power dependence, as illustrated in Figure 4.13.
Specifically, at low power, the photons absorbed per NC on average <N>~0.003 ensures
that there is no formation of multiexcitons, emission should be almost exclusively from
the single exciton state. However, because the charging effect in NCs is usually
unavoidable, even when the excitation optical intensity is very low, the entire decay curve
still has a part of the contribution from charged excitons. As the excitation power
increases, we normalized the PL decay traces at 60 ns to match the long-lived single
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exciton emission tail. We observe the emergence of additional fast components in the
early time, corresponding to the multiexcitons. And the traces become indistinguishable
at ¢ >15 ns, indicating that all of the multiexcitons have already decayed and only single
exciton left in the rest of recombination process.

10°F |-~
oo s 15nm-SQW

10 3

Normalized PL intensity

10°

. Time(ns)
Time(ns)
Figure4.13 The PL decay curves of 15nm diameter SQW's under various excitation powers are

normalized at 60ns to match the single exciton tail, highlighting the fast multiexcitons component
at early time.

The method of extracting different excited states from the total time decay curve is
based on the lifetime differences of these physical events. By exploring the spectral
distributions and excitation power dependences, the excited states can be distinguished
and assigned according to their unique spectral and temporal characteristics. Here, at
lowest intensity excitation, the decay curve in Figure 4.13 exhibits two exponential
dynamics by 12ns and 31.7ns lifetime. Based on our analysis above, these time constants
can be assigned to the charged exciton and single exciton emission. There may be a slight
difference in lifetime due to the size distribution of the NCs. This is because the sample is
placed on the focused spot in this measurement. At high excitation power, in order to
quantify the lifetime of multiexcitons, we subtract the contribution of single exciton
obtained by scaling the curve measured for <N> << 1, from the traces measured for high
power, which allows us to isolate the purely fast components dynamics. As shown in
Figure 4.14(a), we obtain the multiexcitons decay at the power of 1.6uW(<N>~4). The
extracted dynamics can be fitted to a two-exponentials decay with 0.72ns and 3.14ns
lifetimes. We also found that with the increase of excitation power, these lifetime
components gradually decrease.

Next, in order to validate the assignment of the fast decay component to
multiexcitons recombination, we plot the relation of fast component integral PL intensity
in the first ns with respect to the power fluence, as illustrated in Figure 4.14(b). The
analysis of power-dependent dynamics reveals the composition of the superposition peak,
that is a mixture of various excited states. First, as we expected, the slow component

Zhu MENG 92



Scintillation properties of spherical quantumwells under X-rays excitation

extracted at long-lived region(~100ns) where the fast multiexcitons has already
recombined scales linearly with the laser intensity. This behavior is in agreement with the
single exciton feature. On the other hand we observed a nearly quadratic(~1.88)
dependence of the fast component integral intensity with respect to power, indicating the
absorption of at least two photons within the same pulse by a single SQW. Thus on the
basis of these measurements and analysis, the biexciton and higher order(>2)
multiexcitons are characterized by 3.14ns and 0.72ns, respectively.
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Figure 4.14 (a) Multiexcitons dynamics in 15nm SQWs obtained by subtracting the scaled single
exciton contribution from high power decay (<N>~4), it can be fitted with two exponentials by
0.72ns and 3.14ns. (b) Power dependent integral PL intensity of fast component (red square) and
slow component (purple square). Slow component shows a single exciton signature and the fast
component follows an approximately quadratic dependence on power.

In order to elucidate the effect of shell thickness on the performance of
multiexcitons, we further examine the power dependent PL dynamics at bandgap
emission band of 25 nm and 40 nm SQWs with the same excitation conditions, as shown
in Figure 4.15. To match the single exciton emission tail, we normalized the decay curves
of various excitation fluences at 100ns and 250ns, which allows us to highlight the
emission of multiexcitons. They show extremely different behavior in comparison with

that of 15nm SQWs, especially the 40nm sample. At low pump level, the decay curve of
40nm SQWs predominates by a significantly long-lived single exciton(~180ns). The
delocalization degree of the electron spatially decreases the overlap between electron and
hole wavefunction, which is responsible for this low recombination rate. Besides, as the
power enhanced, multiexcitons again emerge with considerably long lifetimes, the fast
component is not completely decayed even at 100ns. Also, by fitting the decay curves at
different powers, we have extracted the characteristic lifetimes of multiexcitons. As a
summary, Table 4.2 shows the four types of excited states with different lifetimes for
15nm, 25nm and 40nm SQWs, and further gives the hypothetical assignments of each
type.
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Figure 4.15 The PL decay curves of 25nm(a) and 40nm(b) diameter SQWs under various
excitation powers are normalized at 100ns and 250ns to match the single exciton tail, compared to
that of 15nm SQWs, the multiexcitons components are longer lived.

Table 4.2 Exponential fitting results and excitonic species assignment of 15 nm, 25 nm and

40 nm SQWs.
T1(ns) T2(ns) T3(ns) T4(ns)
15nm 31.7 12 3.1 0.7
25nm 74 21.3 4.3 0.9
40nm 180 40 10 1.2
Assignment X0 X* BX >BX

The time constants are extracted at <N>~4, 3 and 3 for 15nm, 25nm and 40nm SQW, respectively.

According to the statistical scaling described by our earlier study[41], 1, 5, = T, /4,
using measured single exciton radiative lifetimes, we are able to estimate that the
radiative lifetimes of biexciton, 1, gx , are ~7.9ns, 18.5ns and 45ns, respectively. Then we
can calculate the quantum yield of biexciton are around 40%, 23% and 22%, which are
similar with the values reported for alloyed NCs recently[4,143]. Contrary to our
expectation, the biexciton quantum yield of large sized samples is relatively low. Since
the delayed emission in large particles causes the lifetime of single exciton to be
overestimated as we mentioned in section 4.4.1, we believe that the quantum yield of
biexciton in large particles is underestimated here. Considering that the biexciton lifetime
is composed of radiative lifetime and non-radiative lifetime, t55 = 7, oy + Tppy(here
we neglect non-radiative decay channels other than Auger recombination)[144], for 15
nm SQWs, 1, = 3.1ns and t,,, = 7.9ns, and we obtained 1, 5, of 5.1 ns. And we also
estimated the Auger lifetime of biexciton is 5.6ns and 12.9ns for 25nm and 40nm SQWs,
respectively. Obviously, compared to the typical Auger recombination lifetime in NCs,
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which is a few hundred picoseconds[34], it is extended by nearly up to two orders of
magnitude in our samples. Similarly, we can conclude that the quantum yields of charged
excitons are 76%, 58%, and 44%, respectively, and the corresponding Auger
recombination lifetimes are 49ns, 50ns, and 72ns.

4.4.2 Time-resolved photoluminescence spectrum

In addition to the decay curve measurement to record the dynamics, in the thesis,
time-resolved emission spectrum measurements were also employed to directly observe
and analyze the changes in spectra with varying excitation intensity. First we performed
the time-resolved PL spectrum measurement of drop-cast 15nm SQWSs under the same
optical excitation source(405nm) and intensity range, from 9.3nW to 35uW. In order to
investigate the ultrafast recombination of multiexcitons, here we can extract the PL
spectra of multiexcitons through integrated spectra at different time intervals. As
presented in 4.16(a), the time-resolved PL spectrum were recorded when the incident
laser is at a low power, approximately 9.3nW, corresponding to the average number of
excitons formed per NC per pulse <N>~0.02. It is well known that multiexcitons in larger
quasi-type II QDs induce the blue-shifted features (repulsive interaction) with respect to
single exciton[37]. Here, from the time gated spectra comparison of early time and late
time, we cannot observe the signature of blue-shifted emission under low intensity
excitation. The identical spectra manifest the absence of the multiexcitons emission and
also indicate the homogeneous of this sample. If the sample is polydispersed, a red shift
should be observed due to the energy transfer from small to large particles[141]. In
addition, almost no delayed emission was observed for 15nm SQW:s, indicating that the
sample is nearly trap-free, which is attributed to good surface passivation and release of
interface strain.

When considering the high intensity optical excitation, the spectra evolution is
significantly different. Here, we also performed the time-resolved PL spectrum
measurements under higher power illumination with the same film sample. The power is
around 35.78 uW, corresponding to <N>~90. The time gated spectra are illustrated in
Figure 4.16(b). Distinct emission features emerge in the early time at high energy side,
and as the time increased, the features decay fast till disappear, leaving a single exciton
spectral profile. These features are strongly power-dependent, which is the typical
signature of multiexcitons.
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Figure 4.16 Comparison of time gated spectra corresponding to different time intervals of 15nm
SQWs. (a) 9.3nW, (b) 35.78uW.

In order to further interpret these distinct features, we plot the comparison of first
800ps time gated spectra under different intensity excitation, as shown in Figure 4.17(a).
Note that in general, the regular drops observed are due to a small oscillating jitter of
unknown origin having a significant impact of the first channels. We are allowed to
directly see the power dependence of the excitation species. The various emission
features with significant different dynamics are observed in sequence as the excitation
power progressively increases for 15nm sample, which are named as Peak A, B, C and D.
According to the emission energy, the features can be divided into two types: core states
emission and shell emission.

Here, on the basis of the lifetime fitting results from the decay curve measurements
of 15 nm SQWs, we first give a spectral assignment to the features originating from core
states. At bandgap peak (Peak A), compared to the single exciton spectrum (1.906 eV,
late-time spectrum in Figure 4.17), there is around 6meV blue-shifted (1.912 eV).
Generally, exciton-exciton interaction energy is on the order of 10meV in biexciton, thus
we assign it to the superposition of charged exciton and biexciton. In addition, a
pronounced emission peak at 1.98 eV (Peak B) and a third peak at around 2.11 eV (this
peak is clearly distinguishable in larger particles in the following section, Peak C) can be
seen. Considering the Coulomb effect of multi-carriers, the peak with 80 meV blue-shift
relative to single exciton emission is assigned to 1S-1S transition involving states with
more than four charge carriers[145], which has been proved the dominant pathway in
multiexcitons[43], including charged biexciton, triexciton and higher order. In addition,
partial multiexcitons can also be recombined by 1P-1P and 1P-18S transition[4], according
to the research of Efros, AL L. on CdSe NCs electronic structure[20]. We deduced that
the higher feature at around 2.11eV originates from the P-level related emission. In
comparison with 2nd derivative of absorption spectrum in Figure 4.17(b), the stokes shift
of bandgap peak is around 50 meV, and the P-level peak stokes shift is also around
50meV. Finally, another band (Peak D) at around 2.4 eV have also been observed under
high intensity excitation. Owing to position of Peak D closes to CdS bandgap energy,
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here we assign it to shell-related optical transition[143]. When a large number of excitons
presence in the nanoparticles, the electron—hole pairs recombine directly in shell states to
emit high energy photons instead of thermal relaxation to core energy states.
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Figure 4.17 (a) Normalized time-resolved PL spectra in first 800ps as a function of power for
drop-cast 15nm SQWs. The excitation wavelength is 405nm. (b) Absorption (black), and
absorption second derivative (red) spectra of 15nm SQWs. The arrows mark the 1Se-1Sy—1.96eV

and 1P.-1Py,—2.16¢eV transitions.

We also carried out the time-resolved PL spectrum with 25nm and 40nm SQWs
under the same laser power range. The time gated spectra of the highest power excitation
are shown in Figure 4.18 (a, ¢): : we can also observe the four distinct emission bands,
originating from multiexcitons recombination. The feature shift with respect to the single
exciton is summarized in the Figure 4.18(b). Compared to that of 15nm SQWs, the blue
shift of each peak increases with the shell increasing. Peak A in 15nm SQWs is almost at
the same spectral position as the single exciton peak (only 6meV shift). However, for 25
nm and 40 nm SQWs, this shift is approximately 20 meV and 30 meV, respectively. The
shift of Peak B is around 95 meV and 102 meV, and Peak C is blue shifted by around 240
meV and 260 meV. The reason for the trend of the higher energy in comparison to the
single exciton for the largest SQWs is that the delocalization of the electrons over the
shell region increases with an increase in the shell thickness, this results in a more type II
like behavior companied by the increase in the exciton-exciton repulsive
interaction[45,146]. This measurement is very sensitive to the focusing, slight deviation
will make a strong effect on the ratio of the excitonic species, not on the peak position.

Besides, significant long-lived emission can be seen from the time gated spectra
with a slight broadening on the red side of the spectra at late time in Figure 4.18 (d), this
delayed emission has been demonstrated as the trap-related emission. Since the spectrum
of the delayed emission is similar to the single exciton, it can be explained that delayed
emission is the result of recovery of trapped carriers and emission from 1S3,,1S, exciton
state. Usually, the delayed emission peak position exists slight redshift compared to the
typical exciton, indicating the possibility of carrier trapping in smaller NCs is less likely
than in the larger ones which might have more traps[141].
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Figure 4.18 (a, ¢c) Comparison of spectra corresponding to different time intervals of 25 nm and
40 nm SQWs at power 35.78 pW. (b) The energy shift of the different peaks with respect to

single exciton peak for 15 nm, 25 nm and 40 nm SQWs. (d) Delayed emission at the late time of
40 nm SQWs.

Figure 4.19 presents the comparison of total emitted photons between low(black line)
and high(red line) power excitation, which are consistent with the steady state PL. As we
expected, the spectral profile under high power excitation is analogue to that under X-
rays excitation, that is, a shoulder is observed on the blue edge, involving the formation
of multiexcitons and, as the shell thickness increases, the spectrum under intense
photoexcitation shows a slight blue shift around 3 meV, 6 meV and 12 meV for 15 nm, 25
nm and 40 nm SQWs, respectively. These observations reveal the energy recombination
under X-rays radiation might undergo the similar process with that of intense
photoexcitation. Meanwhile, it also points out that to compare the photoexcitation is a
feasible way to investigate the excited state in radioluminescence. Therefore, in the
following section we will further give the decay curve and time-resolved RL spectrum
under X-rays excitation, and then explore the composition of its emitted light through
comparative analysis.
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Figure 4.19 Integrated total photons under low(black line) and high(red line) power excitation of
15nm, 25nm and 40nm SQWs.

4.5 X-rays excitation

In this sub-section, in order to investigate the excitonic behavior under ionizing
radiation, similarly to optical excitation we carried out the time-resolved measurements
with X-rays excitation (acceleration voltage 30kV on W anode). Through the comparison
with the photoexcitation, we qualitatively analyzed the dynamical and spectral properties
of excited states under X-rays excitation.

First, as shown in Figure 4.20, we recorded the decay curves at three different
emission wavelengths of 15nm SQWs. To acquire the signal with a good signal to noise
ratio, the integration time is set to 3600s because of the weak signal due to the low X-rays
energy absorption by the very thin layer of particles. The multi-exponential curve
indicates the emission might be composed of several different excitonic species or
experience quenching. Besides, a drastic change in the time response can be also
observed under X-rays excitation as a function of the emission wavelength. Consistent
with intense optical excitation, as the wavelength decreases, the curve decays more and
more rapidly. This reveals that different types of recombination processes might occur at
short-wavelength positions, which might be the signature of high order excitons presence.
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Figure 4.20 Decay dynamics measured at different energy of 15nm sample. Excitation source: X-
rays illumination at a voltage of 30 kV.

4.5.1 Time-resolved radioluminescence spectrum

Separating emission both spectrally and temporally allows us to observe
multiexcitons features. The same strategy is thus used to highlight and compare X-rays
induced multiexcitons emissions at short time. First, temporal evolution of the emission
spectra of the samples after the pulsed X-rays excitation is given in the Figure 4.21. This
measurement is set to 400s/point in order to obtain an acceptable signal to noise ratio.
And the slits of the monochromator are opened four times larger(1mm) than that of
photoexcitation (0.25nm). As can be seen in the Figure 4.21, it shows similar trends to
intense optical excitation for all the particles. This observation is consistent with the
response of catholuminescence in nanocrystals reported by Lazaro A. Padilha[14,147].

Because of the weak signal, we use here 0-2ns time gate width instead of 0-0.8ns.
Although the different emissive features are not as easy to distinguish as that of the 0-
0.8ns interval, we still observed a significant spectral broadening on the blue edge at
early time. The emission peak at 2.0eV and 2.4eV can still be clearly identified, and
another weak emission band is between 2.1-2.2eV. Then the blue—shifted peaks gradually
disappear as time passes after the excitation pulse hits the sample, indicating their fast
decay dynamics. At longer time gates, the spectrum shifts towards longer wavelengths by
different energy over time. Similar to the photoexcitation, we compare the shift of the
bandgap peak with respect to single exciton position for three samples, which are
approximately 6meV, 22meV and 27meV for 15nm, 25nm and 40nm, respectively.
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Figure 4.21 Comparison of time gated spectra corresponding to different time intervals of 15nm,
25nm and 40nm SQWs under X-rays excitation. Excitation source: X-rays illumination at a
voltage of 30 kV.

It is mstructive to directly compare the RL and PL data for all sized particle. We
compare the first 2ns emission under X-rays and intense optical excitation(35.78uW) to
highlight the fast component features as illustrated in Figure 4.22. We clearly see the
similar spectral profiles under the two excitations, the difference just lies in the ratio of
each excitation state. Based on this remarkable spectral similarity between PL and RL,
we are able to assign these features to the multiexcitons under X-rays excitation,
including charged exciton and biexciton emitted near the bandgap, and the ultrafast
emissive bands raised from S-level transition and P-level transition involving the multi-
carriers (>4). These observations imply that as we predicted, during the secondary
electron energy relaxation process, the electron-electron elastic scattering, carrier
multiplication and Auger ionization play an important role, promoting the formation of
considerable electron-hole pairs and making SQWs occupied with high-order excitation
species.
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Figure 4.22 Comparison of time gated spectra at 0-2ns interval for 15nm, 25nm and 40nm SQWs
under X-rays excitation with high intense photoexcitation. Excitation source: X-rays illumination
at a voltage of 30 kV and the laser power is 35.78uW.

4.5.2 Radioluminescence decay curve measurement

In order to further confirm the assignment of excitonic species, we employ the time-
resolved technique to record the decay dynamics under X-rays excitation for three
samples. Before this, for comparison, we first performed the decay curve measurement of
the optical excitation in the non-focused condition to ensure that there is no formation of
multiple excitons. At the same time, the non-focusing situation is similar to X-rays
irradiation (non-focused as well) regarding the particle size distribution, that can be then
ignored.

Figure 4.23 illustrates the comparison decay dynamics under X-rays and low power
photoexcitation of 15nm, 25nm and 40nm SQWs. Both of the curves are measured
without wavelength selection, including all the possible decay pathways for excited
states. First, as we can see, the similar trend at relatively long time allows us to normalize
the curves, we normalized the curves at 60ns, 100ns and 200ns respectively, and the
results are analogous to the normalization under different power excitation. The good
match at the tail fully shows that single exciton recombination is the final state of the
whole recombination process. Second, similar to high power light excitation, the obvious
extra fast components can be observed under X-rays excitation, and the multi-exponential
curve reveals that there is not only one type of exciton. In addition, the fast component
exhibits a strong size dependence in terms of decay time. As the particle size increases,
the decay rate becomes significantly slower. For 15nm SQWs, the fast components
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completely decay after 20ns, however in 40nm SQWs, until 150ns there are still a part of
emitted photons that do not originate from single excitons.

Next, we try to fit the decay dynamics by multiexponential in order to extract the
fraction of extra fast signal from X-rays excitation reflecting the multiexcitons
generation. First, according to the fitting results we discussed above, by fixing the
charged exciton and single exciton lifetime, the PL decay curves are well fitted, we also
extracted an additional long-lived component, delayed emission. Afterwards, by fixing
single exciton lifetime or subtracting the contribution of single exciton from the decay
curve measured for X-rays, we are allowed to extract dynamics of the fast components.
The fitting curves are shown in the Figure 4. 23(red curves). The specific fitted parameters
are given in Table 4.3. Here, we need to point out that the fastest parameter reaches the
response function of the instrument. For 15nm sample, the fast components dynamics of
RL decay curve are characterized by the 0.6ns, 2.6ns and 8.5ns lifetimes. These time
constants are close to lifetime signatures extracted under intense pulsed laser excitation in
Table 4.2 with a slight decrease. As we mentioned above, the extracted multiexcitons
lifetimes gradually decrease with the increasing power, so this can be the interpretation
for the slight discrepancy. Based on our analysis, we are able to assign the time constants
in the Table 4.3, in where t;and 7, are single and charged exciton, and then 73,74 are the
lifetimes of multiexcitons: biexciton and higher order.
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Figure 4.23 Comparison of the decay dynamics under X-rays and photoexcitation of 15nm, 25nm
and 40nm SQWs(defocusing). Red curves are the multiexponential fitting.
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Table 4.3 Summary of the fitting parameters for decay dynamics under X-rays excitation of
15nm, 25nm and 40nm SQWs.

T1(ns) T2(ns) 73(ns) T4(ns)
15nm 29 8.5 2.6 0.6
25nm 75 18.3 3.6 0.6
40nm 180 35 4.8 0.7

Finally, we discuss the ratio of excited states in different sized samples under X-rays
excitation. In order to compare with the theoretical simulation, here we will focus on
analyzing the ratio of each excitation species to single exciton, A;7;/AxTy, where the A;
represents the amplitude of the excitonic species, 7; is the lifetime. Considering that there
are delayed emission photons in the emission spectrum, especially for large particles,
which is ignored in the model, here we replace the single exciton with the sum of the
single exciton and the delayed emission photon. Because the delayed emission mainly
comes from the trapping and detrapping process of carriers, and the carriers trapping
before the occurrence of carrier multiplication can result in a decrease in the number of
multiexcitons. Therefore, we estimate that the ratio of multiexcitons we obtained should
be smaller than the simulation.

Table 4.4 The ratio of different excitation species to single exciton for different sized SQWs, the
data extracted from the fitting of RL decay curves in Figure 4.23.

15nm 25nm 40nm
XX 0.29 0.50 0.55
BX/X 0.22 0.30 0.33
MX/X 0.13 0.13 0.11

Table 4.4 shows the specific fraction of different excitonic species to single exciton
in varying sized SQWs. First, compared with the simulated values in Table 4.1, there is a
quite significant difference in the ratio of charged exciton, which becomes dominant in
comparison with multiexcitons. The simulation does not take the particle charging due to
defects into account. However, the actual synthesized NCs always present a certain
number of defects on the surface or within the particles, which is unavoidable. Moreover,
due to the more defect states in the large-sized particles, this discrepancy is more
significant, which is consistent with the large amount of delayed emission in the 40nm
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SQWs. For biexciton, with the increase in particle size, the ratio increases slightly, but
not obviously, which shows the conformity with the simulation results. We believe that
the absence of size dependence is due to the fact that the average deposited energy of
each particle is quite high after X-rays excitation, resulting in very little influence caused
by size, and that Auger quenching becomes the dominant process. Since the lifetime of
the higher order excitons is limited by the response function of the instrument, we will
not discuss it in detail in this thesis.

4.6 Conclusion

In this chapter, the scintillation response of SQWs under X-rays excitation is
analyzed using steady-state spectroscopy and time resolved technique. We mainly
achieved the identification and quantitation of the excited stated under X-rays excitation
by comparing temporally and spectrally the recombination produced following high
intense photoexcitation with X-rays ionizing radiation.

First, according to the unique temporal and spectral characteristics of different
excited states, we realized the assignment of the excitonic species for intense optical
excitation. Based on the extracted characteristic lifetime of each excited state, we
calculated the quantum yield of biexciton up to 40%, indicating that SQWs have
excellent performance in suppressing Auger recombination. The remarkable spectral
similarity between PL and RL enables us to analyze the distribution of the RL spectrum.
Combined with the analogous decay dynamics, we demonstrated that under X-rays
excitation, all observable emission can be attributed to recombination between states
within the quantum-confined NCs, including single exciton, charged exciton and
multiexcitons. This conclusion reveals that carrier recombination plays an important role
in the relaxation process. Secondly, we simulated the evolutions in the proportion of each
excited state with respect to the size of the particles under X-rays radiation. The
comparison between the experimental and theoretical value consistently shows that under
the excitation of high-energy rays, the proportion of excited states has no obvious size
dependence, as observed in the decay time analysis and time resolved emission spectra,
which may be the result of the large amount of energy deposited per NC on average. We
suggest that Auger quenching is dominating when high order multiexcitons are produced
in the confined structure which are in principle favored for larger sizes.
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Chapter 5

Chapter 5

Scimntillation properties of hererostructural II-VI
nanoplatelets under X-rays excitation

With their appealing properties, colloidal nanoplatelets have become highly
promising for many applications. Their ultrafast exciton recombination rate caused by the
giant oscillator strength transition received a lot of attention on the radiation detection
field[10,78], together with large absorption cross section and suppressed Auger
recombination of heterostructures make 2D NPLs potential scintillating materials.

Similar to SQWs, in this chapter we aim to describe the scintillation properties of
NPLs under X-rays excitation via steady state spectroscopy and time resolved technique.
We also compare the behaviors of excited states under intense laser excitation spectrally
and dynamically to analyze the scintillation performance of different heterostructural
NPLs as a function of the morphologic aspects, including core/crown, core/shell and
core/crown/shell.

5.1 Sample preparation and stability

The first step is to obtain efficient luminescence in NPLs by optimizing the quantum
yield. The extended lateral area increases the interaction between NPLs as they form into
a film, resulting in the stronger Forster resonance energy transfer (FRET) compared to
the conventional QDs[148]. Assisted by FRET, the possibility of charged carrier trapped
by the defects considerably enhances, leading to rapid non-radiative recombination and
significant decrease in photoluminescence quantum yield. In order to obtain bright film
samples, we thus need to minimize the influence of the FRET on the optical properties.
Owing to FRET distance sensitivity, to increase the spatial separation of the NPLs core
should be the efficient method to avoid the FRET. Here, we take the core/shell NPLs as
an example and prepare a NPLs-in-polymer sample. Specifically, the 5 mL NPLs was
precipitated and redispersed in 1mL toluene which is beneficial to the dissolution of
PMAO (poly maleic anhydride-alt-octadecene), 50 mg PMAO powder was added to keep
the volume fraction of NPLs less than 2% in the polymer matrix[148]. Then the solution
was placed on a silicon substrate via the drop-casting method. To exclude the self-
reabsorption effect, only one drop(12 puL) was used to form an around one square
centimeter film.
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For comparison, we also prepared a core/shell NPLs film with the same quantity of
particles but without the mixing of the polymer. The PL spectra of two film samples were
acquired in the same condition: illuminated by 405 nm low intensity diode and
accumulated for 10 s. As illustrated in Figure 5.1(a), we observed more than 50% PL
intensity decrease for the pure core/shell NPLs compared to the one embedded in
polymer. Furthermore, a slight red shift (around 1nm) can be seen in the pure core/shell
NPLs spectrum, which is similar with the FRET signature of conventional QDs[149]. It
can be interpreted by the inhomogeneous size broadening, favoring the energy transfer
toward the particles with smaller band gap. Since the inhomogeneous broadening is
induced by the shell growth for NPLs, the FRET of core NPLs with near-perfect
monodispersity is usually not accompanied by red shift of PL spectrum[150].

We also compared the time resolved decay curves of two film samples, as shown in
Figure 5.1(b). In order to avoid the generation of multiexcitons, this measurement was
performed under a very low power pulsed laser with 405nm excitation wavelength. We
fixed the detected wavelength at maximum of PL spectrum. We observed that with the
addition of the polymer, the recombination rate became slower, suggesting the fraction of
the rapid non-radiative recombination decreased. Therefore, along with the enhancement
of the PL intensity, we concluded the presence of polymer spatially separates the NPLs
particles, and then effectively impedes the FRET between them.
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Figure 5.1 Comparison of the optical properties between core/shell NPLs film(black line) and

core/shell NPLs in polymer film(red line). (a) PL spectra recorded under low intensity optical

excitation. (b) PL decay curves of the peak wavelength excited by low intensity pulsed laser to
avoid the formation of multiexcitons.

Similar to SQWSs, we also tested the stability of NPLs under X-rays excitation
(35kV, 35 mA, sample at 5 cm). Here, we continuously illuminated the core/shell NPLs
(thickness ~4 nm) for around 2 hours and recorded the RL spectra at different times, 15
min, 30 min and 100 min, as presented in Figure 5.2. Under long-term ionizing radiation,
unlike SQWs, NPLs exhibits a certain degree of instability. We observed a gradual
decrease in the RL intensity, wherein only 9% reduction can be seen for 30 min radiation,
up to around 19% reduction for 100 min radiation. In this chapter, for the steady state
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measurements, we set the accumulation time as 400s which is much shorter than 30 min,
thus the influence of RL spectra degradation should be very small. For time resolved RL
measurements, the X-rays intensity is generated by 30 kV voltage and 0.3 pA current,
which is around 10° times lower than that in steady state measurement. The acquisition
time is usually set as one day which corresponds to ~9 s in the case of 35 mA current.
Therefore, we also don’t need to consider the degradation of luminescence intensity in
time-resolved RL test.

30k

20k

10k |

RL intensity(a.u.)

0 I I
550 600 650 700

Wavelength(nm)

Figure5.2 Radioluminescence spectra of C/S NPLs for different illuminated time. Excitation
source: X-rays generated by 35kV voltage and 35mA current.

5.2 Core/crown CdSe/CdS nanoplatelets
5.2.1 Steady state radioluminescence

As they are promising fast time response radiation detection material, we will first
discuss the scintillation behavior of core/crown NPLs. First, the PL spectrum was
measured with 405nm diode (unfocusing, ~3.8uW). Owing to the only lateral direction
crown coating, the PL line shape should be highly homogeneous, we thus fit the PL
spectrum with Lorentzian function, as shown in Figure5.3(a). However, the spectrum is
not well fitted, indicating the presence of a slight size distribution. Then for comparison,
Figure 5.3(b) plots the fitting curve with Gaussian function, which is always related to
spectrum consisting of an inhomogeneous broadening. As we can see, due to the
broadening induced by polydispersity is weak, the Gaussian function cannot be the best
option for the fitting. Hence, in the following section, the spectra are fitted by the sum of
the Lorentzian and Gaussian line shapes.
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Figure 5.3 The photoluminescence spectrum is fitted by two different functions. (a) Lorentzian
fitting, (b) Gaussian fitting.

Comparison between PL and RL spectra is shown in Figure 5.4(a, b). The profile in
the left panel shows a spectrally symmetric photoluminescence at low optical excitation,
which arises from the single exciton emission, and a broadening on the red edge with
respect to the PL spectrum can be observed under 35 kV X-rays excitation (right panel).
The red shift has been previously reported under intense optical excitation, which is
referred to the emission of biexciton[151].

Here, to identify the excitation species with the red shift, we fit the PL and RL
spectra using a pseudo-Voigt function, as depicted in following function,

41ln2 2

2 ) Valn2 )
Y=y, +dlm = "o iem) YIRS e
TA4(x—x) +w,” Naw,

(-1

Where the second term is the sum of Lorentzian and Gaussian line shapes with relative
contributions m, and 1-m, and widths w; and w respectively. Ais the amplitude.

As shown in 5.4(a), the PL spectrum at low power is well fitted by the single pseudo-
Voigt function Vi, the energy of symmetric peak is around 2.39¢eV with 47meV line
width. In the Figure 5.4(b), we needed a sum of two pseudo-Voigt functions y = A;V; +
A,V; to fit the RL spectrum. The parameters obtained from above V; fitting are held
constant for RL spectrum fitting, and V, which represents the second emission peak is
fixed as the same line shape with V. And then the second peak energy is obtained at
2.36eV, as shown in the green line of Figure 5.4(b). The difference between two peaks
energy is the result of exciton-exciton Coulomb interaction, about 30meV binding energy.
For 2D nanocrystals, the ratio of the binding energy of the heavy hole biexciton to that of
the heavy hole exciton is found to be 0.2, and nearly independent of well width[152]. The
exciton binding energy for 4ML NPLs is demonstrated to be approximately
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210 meV[153]. Therefore, theoretical prediction of the biexciton binding energy of our
sample should be around 42 meV. Here, we can conclude that a biexciton emission under
X-rays excitation is present. Furthermore, the slightly smaller red shift(~10meV)
compared to the prediction indicates the occurrence of other types of multiexcitons
emission. Because the Stokes shift of C/C NPLs is very small, it will lead to strong self-
absorption. The red-shifted multiexcitons band is beneficial to reduce the influence of
self-absorption and conduce to practical application.
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Figure 5.4 The comparison between PL and RL spectra and their fitting line shape with pseudo-
Voigt function. PL was measured at low power to avoid the multiexcitons generation. (a) PL
spectrum shows a single symmetric peak. And the RL spectrum is fitted by the sum of two
components, y=Ai1 Vi+A> Vs, the corresponding fitting of Vi(blue line) and Va(green line) are also
shown in the Figure(b).

5.2.2 Time-resolved measurements

Figure 5.5 shows the normalized time-resolved RL spectra using different time
intervals, early time (0-0.8 ns) and later time (4-6 ns) after the excitation pulse. The
pulsed laser emits at 405 nm with 500kHz repetition rate, and the X-rays illumination at a
voltage of 30 kV voltage leading to a 0.3pA current. Since the low signal for X-rays
excitation, spectrum was taken with a Imm spectrometer entrance slit to improve light
collection, which leads to a broader spectrum compared to the steady state one shown in
Figure 5.4(b). The accumulation time is around one day, corresponding to 400s/point.
Although there is a lot of noise in the spectral line, from the figure we can clearly see that
at late time, the emission peak of this time interval is obtained at ~2.39¢eV, which is well
in correspondence with the single exciton of low power photoexcitation. The early time
gate(0-0.8s) is emitted at 2.37eV, a red shift of 20meV compared to the late time
emission, which is consistent with signatures of multiexcitons emission observed in
steady states RL. And the multiexcitons have already decayed at 4ns.
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Figure 5.5 Normalized time resolved RL spectra of different time intervals, early time (0—0.8 ns)
and later time (4-6 ns) spectra reveals a red-shifted spectrum at early times, pointing toward
multiexcitons generation under X-rays excitation. X-rays illumination at a voltage of 30 kV
voltage and 0.3pA current.

Using time resolved technique, we performed the decay dynamic measurement for
core/crown NPLs under X- rays and low-intensity laser excitation, as depicted in
Figure 5.6. The excitation source is the same as above. Here, the decay under
photoexcitation was measured at unfocusing position (23uW/cm?) in order to facilitate
comparison with X-rays. First, tri-exponentials function is applied to fit the curve of
photoexcitation. The multiexponential behavior has normally been observed in ensemble
and individual NPLs at room temperature[89,154]. This shows that the several possible
recombination pathways might exist in the NPLs. The amplitude-averaged lifetime is
often calculated as 7,,, = (2A4; X 7;)/ZA;, where 7; is the lifetime and A; is the
corresponding amplitude. The 7,,, under photoexcitation is around 1.56ns. The specific
fitting parameters are given in the Table 5.1. For X-rays excitation, we observed a similar
trend on the long tail of the decay curve. Through fixing the longest lifetime parameter,
we also fit the curve with tri-exponentials, and the 7,,, is calculated as 0.75ns. The faster
decay is attributed to the formation of multiexcitons. The lifetime we obtained is longer
than that in the literature [10], which should be the result of the trap related emission in
our NPLs.
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Figure 5.6 Normalized time-resolved fluorescence decay curves of CdSe/CdS core/crown NPLs
under photoexcitation (23pW/cm?) (black circle) and X-rays excitation(blue circle), red line is
the tri-exponential fitting curve. Photoexcitaion is measured by defocusing of 405nm pulsed
laser(repetition:500kHz) to avoid the multiexcitons.

Table 5.1. Summary of the fitting parameters for tri-exponential decay, lifetimes with
corresponding amplitudes for core/crown NPLs under laser and X-rays excitation. The average
lifetimes:7,,, = (£A4; X 7;)/ZA;, were calculated by using the respective amplitudes of each

component.

T1(ns) A1l T2(ns) As T3(ns) A3 Tavg(NS)

photoexcitation  0.63 0.89 3.37 0.15 20.86 0.03 1.56

X-rays 0.44 0.99 2.79 0.08 20.8 0.01 0.75

5.3 Core/shell CdSe/CdZnS nanoplatelets

5.3.1 Steady state radioluminescence

Due to the effective protection from the surrounding environment through the
coating of the shell, the core/shell NPLs has demonstrated the improvement of chemical
stability and quantum yield[130,155]. On the other hand, although part of the quantum
confinement is relaxed due to vertical growth, compared with spherical QDs, it exhibits a
faster characteristic lifetime. At present, there are few analyses on the scintillation
properties of the core/shell NPLs structures. A full understanding of different types of
NPLs is helpful to provide more selectivity for practical applications. Therefore, here we
study the core/shell CdSe/CdZnS NPLs with different shell thicknesses. The samples are
prepared by dropcasting the mixture of NPLs and polymers on the silicon substrate, the
effect of the polymers is to reduce energy transfer among the particles. At the same time,
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the quantity of particles dropped is required to be low to avoid the influence of self-
absorption on the spectral lines.

We first performed the steady-state PL and RL spectra measurements, as shown in
Figure 5.7. We compared the normalized spectra of the three samples with different shell
thickness named as core/shell s, core/shell m and core/shell I for 4ML, SML and 12ML
shell, respectively. The power of the photoexcitation is always kept very low and
unfocused to ensure that the resulting spectrum corresponds to the spectral profile of
single excitons. As we can see, the three samples emit at 2.01eV, 1.96eV and 1.84eV,
respectively. The red curves in the figure are the RL spectra, measured at an accelerating
voltage of 35kV. Under X-rays excitation, the emission spectrum of core/shell NPLs
shows the similar profiles with single exciton emission spectrum of PL. However, as the
thickness of the shell increases, we observed an emission band on the blue side. It
behaves on the opposite to the red multiexcitonic emission band of core/crown NPLs. It
shows that the interactions between the excitons of core/shell NPLs are different from
that of core/crown configuration. In addition, this band shows a size dependent behavior,
that is, the feature becomes distinct as the shell grows. In order to analyze the origin of
this emission band, we have conducted time-resolved research on the samples, presented
in the next section.

F 210
= ;
8
=08} E 08
& @
'g 0.6} E 0.6 core/shell_m
3 core/shell_s 3
S04 < 04
70 30
N
0.2} [-LE
z
0.0 haET b Al 00 -
18 20 22 24 18 20 22
Energy(eV) Energy(eV)

[
(=]
T

f
|

f core/shell_|

o
L]

o
o
!

!

16 1.8 20 22
Energy(eV)

Normalized PL and RL intensity
o o
r @

o
(=]
T

Figure 5.7 Normalized steady state PL and RL spectra comparison of core/shell CdSe/CdZnS
NPLs with varying shell thickness.
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5.3.2 Time-resolved measurements

Using time-resolved technique, we first focused on the characteristic lifetime of the
three samples with different shell thicknesses. The same as the above experimental
conditions, low-intensity photoexcitation and the sample is in a defocused position,
therefore, the influence of multiexcitons is excluded. As shown in Figure 5.8, first, the
decay curves of the samples are all multi-exponential, which is common in NPLs as
mentioned above. Multiple complex channels of excitons, including single exciton
radiative recombination, trap recombination and non-radiative recombination are
considered as the origin of this multiexponential behavior[156,157]. The core/shell
structure sample we used has a reported quantum yield close to unity[ 130], which
contradicts the existence of a large number of non-radiative recombination pathways.
Here, we think the reason is that we are studying the thin film sample, in which the
reduced distance between particles promotes the energy transfer between them, and the
probability of charged carriers being trapped by defects is greatly increased, which leads
to non-radiative recombination. Although the addition of polymers can reduce the energy
transfer effect to a certain extent, it cannot achieve 100% elimination.
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Figure 5.8 Normalized fluorescence decay curves of CdSe/CdZnS core/shell NPLs with different
shell thickness in polymer under low intensity photoexcitation(defocusing), red lines are the tri-
exponential fitting curves.

Secondly, based on the multiexponential fitting, we calculated the amplitude average
lifetime, which are around 7.6 ns, 10 ns to 33 ns, respectively. We can observe that the
lifetime gradually increases with the growth of the shell thickness, which reflects that the
relaxation of the quantum confinement as the shell increases makes the reduction of the
wave functions overlap of electrons and holes. Besides, the fraction of long-lived
component A;7; is large in core/shell I, suggesting the presence of an increase in trap-
involved delayed emission, and the traps usually arise from the lattice misfit defects in
thick shell nanocrystals. The specific fitting parameters are shown in Table 5.2.
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Table 5.2 Summary of the fitting parameters for tri-exponential decay, lifetimes with
corresponding amplitudes for core/shell NPLs with different shell thickness under low intensity
photoexcitation and the calculated average lifetimes.

T1(ns) A1 T2(ns) Az T3(ns) A3 Tave(DS)
core/shell_s 2.57 0.56 10.56 0.41 52.88 0.04 7.63
core/shell m 3.44 0.53 13.4 0.44 60.01 0.04 10.34
core/shell 1  12.24 0.38 33.74 0.48 103.05 0.1 32.55

To provide further insight into the emission kinetics of various sized core/shell NPLs,
we also measured the power dependence of the decay dynamics using time-resolved
spectroscopy. This allows us to analyze the multiexcitons dynamical process in the
core/shell structure. Here, we mainly focused on the decay curves near the maximum of
emission peak, which are 2 eV, 1.94 eV and 1.82 eV respectively. The excitation laser
source is 405 nm with 100kHz repetition, the power range is measured from 0.07 uW to
33 uW, and the size of the laser spot is approximately 4 um in diameter. Figures 5.9(a-c)
summarize the power dependence curves of three samples. The traces of PL decay under
varying power are normalized for a long time (~20 ns) to highlight the fast component.
We can clearly see that all the decay curves are well matched in the long tail, which
indicates that the recombination of same excited state species takes place at this time.
Similar with the fitting results in defocusing case, three different time constants are
needed to fit the curves at low power excitation, and the observed slight deviation is
caused by the size distribution of particles.

In addition, under high-power excitation, we can clearly observe the emergence of
fast components, which decay rapidly. The fast components obtained by multi-
exponential fitting are around 0.7ns, 0.9ns and 1.8ns. The obtained fast component
lifetime is slightly higher than the typical Auger recombination lifetime(hundreds of ps),
suggesting the reduction of Auger effect owing to the alloyed shell[ 158]. Additionally,
with the power increases, the lifetime of the fast component decreases gradually, as
summarized in Figure 5.9(d). In 2D nanocrystals, different with QDs, the exciton is
delocalized in the particles instead of being confined. and the rate of Auger non-radiative
pathways highly depends on the mitial density of the excitons generated after laser
excitation or the inter-exciton distance. For intermediate power, spatially separated
excitons have to diffuse before encountering and recombination. The increasing power
induces the increase in the density of excitons, leading to the decrease in the inter-exciton
distance.The decrease in the diffusion time is responsible for the acceleration of the
reconbination rate. When we consider high power excitation, the excitons can recombine
before diffusion, thus the recombination is usually on the order of ten ps[31]. However,
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time resolved technique is not able to analyze such a fast lifetime. We do not discuss it
here. The specific fitting parameters are shown in Table 5.3-5.5.
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Figure 5.9 (a-c) Power dependent PL decay trace of core/shell NPLs with varying shell thickness,

the traces are normalized at long tail to match the single exciton, highlighting the fast components

arising at intense optical excitation. (d) The fitting lifetimes of the fast component as a function of
power.

Table 5.3 The fitting parameters for tri-exponential decay for core/shell s NPLs under varying
power excitation.

Power(nW) | Ti(ns) A1 T2(ns) A, T3(ns) A3 T4(ns) Ay
0.07 33.2 0.02 7.89 0.14 1.61 0.12
0.101 33 0.02 7.16 0.16 1.19 0.16
0.177 33 0.01 9.42 0.11 3.11 0.15 0.72 0.2
0.333 33 0.01 8.82 0.12 2.46 0.17 0.57 0.25
0.8 33 0.02 8.12 0.14 1.96 0.21 0.43 0.37
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Table 5.4 The fitting parameters for tri-exponential decay for core/shell m NPLs under varying
power excitation.

Power(nW) | ti(ns) A1 T2(ns) Aa T3(ns) Aj T4(ns) A4
0.07 39.87 0.02 11.24 0.16 2.63 0.13
0.101 40 0.02 12.56 0.14 3.93 0.15 0.89 0.1
0.177 40 0.02 11.14 0.16 2.77 0.21 0.56 0.18
0.333 40 0.02 11.43 0.15 3.06 0.2 0.68 0.28
0.8 40 0.03 10.08 0.19 2.2 0.29 0.44 0.46

Table 5.5 The fitting parameters for tri-exponential decay for core/shell 1 NPLs under varying
power excitation.

Power(uW) | Ti(ns) Aq T2(ns) A2 T3(ns) A3 T4(ns) A4
0.07 94.83 0.02 22.83 0.16 4.49 0.12
0.101 94 0.02 25.44 0.13 7.88 0.12 1.77 0.15
0.177 94 0.01 25.58 0.14 6.31 0.18 1.23 0.3
0.333 94 0.02 23.96 0.16 4.94 0.22 0.87 0.36
0.8 94 0.02 20.86 0.19 3.21 0.3 0.52 0.48

In order to further verify the origin of the fast component, taking core/shell 1as an
example, we plotted the relationship between the PL intensity of the slow and fast
components with the excitation power, the slow component is extracted from the decay
curve Figure 5.10(a) at 60 ns, where the fast component is fully decayed. And the fast
component is isolated by subtracting the contribution of the single exciton from PL
intensity at 0 ns, as shown in Figure 5.10(b). We can see that the slope of the slow
component as a function of power is about 0.7, which is less than the expected 1. Here we
think that the reason is the intense laser has caused the degradation of the sample.
Although the presence of polymer can alleviate a part of the degradation, it still induces a
inevitable negative influence on the emission intensity. In addition, the fast component
increases nonlinearly with the increase in power, which is the signature of multiexcitons
emission. However, the obtained slope value is only 1.3, greater than 1 but less than 2,
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which is the characteristic of biexcitons with power. The reason of the smaller slope
might be the degradation.
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Figure 5.10 (a)Decay dynamics at main peak of core/shell 1 NPLs for varying power intensity. (b)
The evolution of PL intensity as a function of power: slow component is extracted from (a) at
60ns and fast component is the PL intensity at Ons after subtracting the contribution of single
exciton.

In order to investigate the types of excited states under X-rays radiation, we then
compared the decay kinetic curves under photoexcitation and X-rays excitation. The
curves are measured without wavelengths selection. The decay under photoexcitation is
obtained in the case of defocusing (the same with Figure5.8), and the laser power is kept
very low to avoid the formation of multiexcitons. As presented in Figure 5.11, we
normalized the two decay curves at the long time: 20 ns, 25 ns and 40 ns respectively. As
a result, all the decay curves under X-rays excitation can well match the photoexcitation
traces at the long tail, which indicates that these two different excitations produced the
same type of long-lived excited state. In addition, the curves under X-rays excitation has
an additional fast decay component, which is similar to the decay dynamics under intense
light excitation. Based on the similarity, we speculate that the fast component is caused
by the formation of multiexcitons.
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Figure 5.11 RL and PL decay curves of core/shell NPLs with varying shell thickness. (a,c,e)

normalized at long time, highlighting the multiexcitons component. (b,d,f) The fast components

of different sized core/shell NPLs for X-rays excitation, obtained by subtracting the single-
exciton decay. The red curve in (b,d,f) shows biexponential fitting.

In order to quantitatively analyze the fast component under X-rays excitation, we
subtracted the light excitation curves from the decay curves under X-rays excitation to
obtain a pure fast component. Through fitting, we obtain that the fast components are
characterized as 0.51ns, 0.54ns and 0.64ns respectively, and this time constant has
reached the response function of the instrument. The specific fitting parameters are
shown in Table 5.6, and the obtained time constants all correspond to the fitting time
under intense light excitation in Table 5.3-5.5. The slight deviation in the data is due to
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the size distribution of the samples. This consistent decay kinetic curve further
demonstrates temporally that the similar types of excited state are generated under X-rays
irradiation, namely, multiexcitons through the carrier multiplication process. We can see
that compared to core/crown NPLs, the average decay time is larger.

We calculate the fraction of the fast component using A;71/(Z4; X t;), 24%, 26%,
13% for core/shell s, core/shell m and core/shell I, respectively. Different with steady
state spectra, no obvious size dependence of multiexcitons can be observed, especially for
the core/shell 1. We think the decrease in the fraction might be attributed to the capture of
carriers by the defects in larger particles. For steady state measurement, the defects can
keep being filled by the continuous illumination of X-rays, the filling states result in the
reduction of the carriers trapping and the long-lived components. Therefore, the
possibility of the formation of multiexcitons is enhanced. However, in the case of pulsed
X-rays, the long-lived emission is 30% of the total emission photons in the core/shell I
NPLs and almost negligible for core/shell s and core/shell m, so part of the carriers can
be captured before the occurrence of the carrier multiplication, leading to a loss of the
multiexcitons in core/shell 1.

Table 5.6 Summary of the fitting parameters for tri-exponential decay, lifetimes with
corresponding amplitudes for core/shell NPLs with different shell thickness under X-rays
excitation and the calculated average lifetimes.

Ti(ns) A1 T2ns) Az T3i(ns) A3z Ta(ns) A4 Tavg(ns)

core/shell. s 051 628 284 1.74 1295 04 52 <0.01 1.59
core/shell. m 0.54 8.3 287 216 144 045 60 <0.01 1.57

core/shell 1 0.64 981 356 271 231 083 100 0.13 3.58

As compared to low power optical excitation, we observe an acceleration of the
decay under X-rays while the emission spectra do not change in small shell samples. We
employed thus the time-resolved RL spectrum to investigate the multiexcitons spectra
under X-rays excitation. Here we need to point out that in order to obtain high-quality
spectra, the sample used for X-rays testing is increased in concentration in order to
collect sufficient signals. According to our discussion above, such processing will have
an impact on the spectrum of X-rays excitation, and self-absorption may cause a certain
red shift in the spectrum. This is consistent with what we observed in the experimental
results, as shown in Figure 5.12. We compared the corresponding spectra of 0-2ns and
long-lived. Although the existence of self-absorption will affect the spectral lines, we can
still clearly observe the evolution of spectral lines over time under X-rays excitation.

First of all, the right side of Figure 5.12 are the time gated spectrum corresponding to
intense light excitation(33uW) for three core/shell NPLs. Contrary to previous reports

Zhu MENG 121



Scintillation properties of hererostructural II-VInanoplatelets under X-rays excitation

regarding core/shell NPLs[130,159], the fast component we observed, that is, the feature
of multiexcitons, appears at the blue edge relative to the long-lived spectrum. We
observed the fast component spectral lines in 0-2 ns shows a blue shift, about 10 meV for
all samples, not a red shift. This indicates the energy band alignment in our NPLs might
behave like quasi type-II, and the blue shift arises from the repulsive interaction between
the excitons (see Section 2.3.4).

Secondly, in addition to the blue shift of the spectral line, in core/shell m, we can
also observe a weak emission band at ~2.04 eV, which is 60 meV blue-shifted relative to
the main peak. Similarly, in core/shell I, we can also distinguish at the position of 60
meV blue shift (~1.92 eV), there is an emission band. In addition, at 2.02 eV, another
emission band is also observable. Compared to the main emission peak, this emission
band has a blue shift of about 160 meV. Since the shift of the biexciton is usually around
10meV, the two emission bands may arise from higher-order multiexcitons emission.
NPLs with thick shells exhibit a larger absorption cross section, which might be the
reason for the formation of higher-order multiple excitons. Owing to the limitation of the
experimental equipment, we cannot extract the corresponding characteristic lifetimes
through time-resolved technique.

Figure 5.12 also plots the spectra of three samples under X-rays excitation. In order
to facilitate comparison, we have selected the same time interval as that of intense light
excitation. We found that all spectra for X-rays are broader compared to the spectra for
photoexcitation, this is because they were taken with a Imm spectrometer entrance slit to
improve light collection, while 0.25 mm was used for optical excitation measurement.
First of all, similar to photoexcitation, we observed the emission shoulder of the 0-2ns
time gated spectrum appears at the blue edge as observed in steady state experiments, but
we did not observe the change in the spectral line on the red side, which may be caused
by the mentioned broadening in the spectrum. As time increases, this emission
characteristic gradually disappears. In addition, interestingly, for core/shell 1 (Figure
5.12f), at 1.915 eV a weak emission band can be observed. This is completely consistent
with the spectral characteristics of intense light excitation. Therefore, by comparison, we
obtained the similar emission spectra, which allows us to prove spectrally that the type of
excited state generated under X-rays excitation is consistent with that under intense light
excitation, that is, a recombination process of multiexcitons takes place during the energy
relaxation of core/shell NPLs under X-rays excitation.

Through time-resolved decay curves and emission spectra comparison, we have
realized the spectral and kinetic identification of excited states produced following X-
rays excitation in core/shell NPLs. Combined with the steady-state spectroscopy, we
highlight that under X-rays excitations, the energy relaxation process of high-energy
electrons in the core/shell NPLs is also dominated by carrier multiplication. This leads to
the formation and recombination of multiexcitons, accompanied by the appearance of
shoulders on the blue side. And as the size increases, the fraction of multiexcitons
emission gradually increases.
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Figure 5.12 Normalized time gated RL(a,c,e) and PL (b,d,f) of different time intervals of
core/shell CdSe/CdZnS NPLs with varying shell thickness. (a, b) core/shell s, (c,d) core/shell m,
(e,f) core/shell 1. X-rays illumination at a voltage of 30 kV voltage and 0.3pA current. The laser
intensity is ~33uW.

5.4 Core/crown/shell CdSe/CdS/CdZnS nanoplatelets

Core/crown/shell(C/C/S) NPLs is a novel two dimensional heterostructure
[97,98,115], and so far there is little research to analyze its properties. Here we will
briefly discuss the scintillator behavior of this structure.

5.4.1 Steady state radioluminescence

Zhu MENG 123



Scintillation properties of hererostructural 1I-VInanoplatelets under X-rays excitation

Similarly, we first compared the normalized steady-state spectra of PL and RL of
core/crown/shell CdSe/CdS/CdZnS NPLs, as shown in Figure 5.13. Under low power
photoexcitation, the particle emits at 1.92eV. While for X-rays excitation, we observed
that the RL spectrum has a slight blue shift relative to the PL spectrum, around 5SmeV.
Compared with core/crown NPLs, RL does not show a redshift, which indicates that the
existence of the 2ML shell changes the Coulomb interaction between excitons in the
particle, so its band alignment shows a transition from type I to type II or quasi-type
I[[115]. In addition, compared with the core/shell s results, in which only the spectrum
broaden toward the blue edge can be seen, the slight blue shift might reveal the increase
in the repulsion between excitons or the different excited states are generated in
core/crown/shell NPLs under X-rays excitation.
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Figure 5.13 Normalized steady state PL and RL spectra for core/crown/shell CdSe/CdS/CdZnS
NPLs. The power of photoexciton source is low with 405nm wavelength.

Next, we conducted the experiments on the power dependence of steady state
spectroscopy using solution samples. Since the quartz cuvette will produce scintillation
signal under X-rays radiation (even if the yield is weak, the fraction of X-rays photons in
the quartz will be significantly higher), and meanwhile reduce the photons absorbed in
the particles, the solution sample is not suitable for X-rays related research. Therefore,
this experiment is only used as an auxiliary research. The specific experimental device
optical parametric oscillation laser (OPO) and the preparation of the solution sample are
described in Annex2. The particle-dispersed solution can eliminate the influence of
energy transfer between particles on the spectrum, and the preparation of low-
concentration samples can also reduce self-absorption. The normalized spectra are shown
in Figure 5.14, as the excitation power continues to increase, the spectrum is broadened
and accompanied by a slight blue shift, which is consistent with the performance of the
RL spectrum. This directly indicates that similar radiative recombination may exist under
two different excitations, and the effect of energy transfer between particles in the film
sample on the spectrum is negligible. The relevant spectra of all other samples can be
found in the Annex2.
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Figure 5.14 Normalized PL spectra with different power intensity for C/C/S NPLs solution
sample. Excitation source: OPO with 405nm wavelength and 50Hz.

5.3.2 Time-resolved measurements

The PL spectrally resolved measurement was implemented at two powers, 33 uW
and 4nW, as shown in Figure 5.15 for spectra at different time intervals. First of all, in the
case of low power, the 0-2 ns and 50-60 ns spectra are similar, which means that there is
no additional fast component generation, and Forster resonance energy transfer is weak.
Otherwise, the small-sized sample will emit photons after absorbing the emitted photons
from large sized particles and then emits a photon with a lower energy, which will cause a
red shift in the spectrum over time, regardless of the excitation power. In Figure 5.15(a),
we did not find a distinguishable spectral redshift, so FRET can be excluded, which is
related to the good size distribution of the sample.

Next, we analyze the case of high-power excitation (Figure 5.15b, d). Here we divide
the spectrum into 0-60 ns and after 60 ns and discuss separately. First, in the first 60 ns,
we observed that the main emission peak at 0-2 ns is 34 meV blue shifted relative to that
at 50-60 ns. This spectrally dependent emission band is in agreement with the
characteristics of multiexcitons. The blue shift is 3 times larger than that in core/shell
NPLs with the similar shell thickness. This may be because the CdS crown promotes the
delocalization of electrons in the conduction band, thereby enhancing the local charge
imbalance and generating stronger repulsion between excitons.

With the increase in time, the blue shift of the main peak gradually disappears, and
the broadening of the spectrum also gradually decreases. For details, shown in
Figure 5.15(c), which describes the shift of the main peak of the 0-500 ns spectra and the
change of the spectral width. The delayed PL spectrum after 60 ns is shown in Figure
5.15(d). The shift of the main peak can no longer be observed, that is, it is similar to the
emission of a single exciton, but it is characterized by a long lifetime. From this
similarity, we can conclude that delayed emission is the result of emission from the
recovered carriers at 1S3/, 1S, exciton state[141]. In addition, in this time range, there is a
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slight broadening of the spectrum at the red edge, which may be due to the direct
radiative recombination from the carriers trapped.
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Figure 5.15 Normalized time gated PL for C/C/S NPLs in different time intervals as indicated in
the figures under different power intensity. (a) Laser power is 4nW, (b) and (d) the slices for 0-
60ns and after 60ns at laser power 33uW. (¢) The position of the main peak and the change of the
spectral width over time at laser power 33uW.

Figure 5.16 is the normalized time resolved RL spectra under X-rays excitation. Due
to the low signal-to-noise ratio, the signal after 20ns is hidden in the background and
cannot be extracted. So here we can only discuss the first 20ns of the spectrum. We can
see from the figure that, unlike the RL spectrum of core/shell NPLs, the early spectrum
has a blue shift relative to the 10-20ns spectrum, which is about 33meV. Although the 10-
20ns spectrum may still consist of a certain fast component, it can be known from the
photoexcitation spectrum that there is only a slight deviation from the 50-60ns spectrum.
Therefore, we can conclude that at 0-2ns the RL and PL under intense light excitation
exhibit a similar blue shift, and similar spectral broadening. This high consistency
indicates that the recombination of fast components originates from similar exciton states
with photoexcitation.
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Figure 5.16 Normalized RL spectra for C/C/S NPLs in different time intervals as indicated in the
figures under X-rays excitation with 30kV accelerating voltage.

We tested the decay dynamics curve at different powers, and the detection position is
the maximum value of the spectrum, as shown in Figure 5.17(a). First of all, compared
with other structures of NPLs, the C/C/S samples we synthesized have a longer decay
time. As the power increases, an additional fast component appears in the decay curve.
We analyzed the evolution of the fast component and the slow component as a function of
the excitation laser power in Figure 5.17(b). The slow component is extracted at 75ns of
the decay curve. The fast component is the Ons PL intensity after subtracting the
contribution of the single exciton. We can see that the slope of the slow component is
close to unity, indicating that it changes linearly with the power. The slightly smaller
slope may be caused by the degradation of the sample. For the fast component, the PL
intensity exhibits a super-linear increase as the power increases. But similar with the
result of core/shell NPLs, the slope is smaller than the simplest biexciton feature. The
reason for this small slope is not clear, and sample degradation may be one of them.
Nevertheless, this super-linear change represents that multiexcitons are formed in this
process.
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Figure 5.17 (a) Decay dynamics at main peak of C/C/S NPLs for varying power intensity. (b) The
evolution of PL intensity as a function of power: slow component is extracted from (a) at 75ns
and fast component is the PL intensity at Ons after subtracting the contribution of single exciton.
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Finally, we compared the decay kinetics curves under photoexcitation and X-rays
excitation. Similarly, in order to facilitate the comparison, the photoexcitation curve is
measured in the out-of-focus condition, this also ensures that no multiexcitons are
generated. As shown in Figure 5.18(a), the two different excitation curves can be
completely matched after 30ns, so we can subtract the light excitation curve from the X-
ray decay curve to obtain the pure fast component. The result is shown in Figure 5.18 (b).
Through biexponential fitting, we can extract the lifetime of the fast component about
0.5ns. The specific fitting parameters are shown in Table 5.7.
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Figure 5.18 (a) RL and PL decay curves of core/crown/shell CdSe/CdS/CdZnS NPLs well
normalized at long time, highlighting the multiexcitons component. (b) Biexciton fitting of fast
component under X-rays excitation, obtained by subtracting the decay curve under
photoexcitation from (a).

Table 5.7 Summary of the fitting parameters for multi-exponential decay, lifetimes with
corresponding amplitudes for core/crown/shell NPLs under low intensity photoexcitation and X-
rays excitation, and the calculated average lifetimes.

T1(ns) A1 T2(ns) Az T3(ns) A3z T4ns) A4 Tavg(ns)

ph"t‘i’;’l‘cnat 536 036 2984 046 160 012 552
X-rays 0.5 1201 346 323 2561 09 160 0.12  3.65

From the similarity on the spectra and the dynamics, we proved the formation of the
multiexcitons under X-rays excitation. However, similar with the core/shell 1, the C/C/S
NPLs also suffer from the issue of delayed emission, and the fraction of the delayed
emission is around 40%, which is consistence with the low quantum yield. The fast
component fraction is calculated as 10%, which is 2 times lower than that in core/shell s
with the similar shell thickness. From this, we can know the defects strongly affect the
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quantity of multiexcitons through trapping the carriers before the occurrence of the
carrier multiplication.

5.5 Conclusion

In this chapter, we apply steady-state spectroscopy and time resolved technique to
analyze the scintillating properties of three different heterostructural NPLs under X-rays
radiation.

2D NPLs have ultra-fast decay time because of their giant oscillator strength. Since
the crown only covered the lateral direction in core/crown structure, it does not release
the quantum confinement effect, and thus has a small influence on the decay dynamics
curve. We obtain an average lifetime less than Ins under X-rays excitation. In addition,
compared to the PL spectrum, the RL spectrum exhibits a red shift due to the generation
of multiexcitons, which is beneficial to reduce self-absorption and practical applications.

We also proved that the formation of multiexcitons under the radiation of X-rays also
occurs in core/shell and core/crown/shell NPLs based on the highly uniformity in spectra
and kinetics compared to the intense optical excitation, indicating that the carrier
multiplication phenomenon is effective in the 2D nanocrystals. But, unlike core/crown,
the feature of multiexcitons appears on the blue edge. Meanwhile, due to the reduction of
confinement and the delocalization of carriers, the decay time of the excited state in these
two structures is longer, but it is still faster than most of QDs. Compared to the
core/crown structure, they exhibit the better chemical and physical stabilities. For
applications that do not require ultra-fast time response, they will have better
performance. In addition, by analyzing steady state spectra of core/shell structures with
different shell thicknesses, we found that in the particle size range we are studying (less
than 10nm in the vertical direction), the scintillator properties of the core/shell structure
show a size dependent behavior. As the thickness of the shell increases, the emission ratio
of multiexcitons gradually increases. However, for the pulsed X-rays, the size
dependence cannot be observed, the interpretation might be that the carriers are trapped
by the defects before the occurrence of carrier multiplication in large particles, leading to
the decrease in the formation of multiexcitons.
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Chapter 6

Chapter 6

Conclusion

This thesis mainly focuses on the investigation of the scintillator properties of I1-VI
group heterostructural nanocrystals under X-rays ionizing radiation. We have completed
the colloidal synthesis and characterization of nanocrystals and analyzed spectrally and
temporally the optical response under optical and ionizing radiation aiming to describe
the energy relaxation mechanisms and the types of excited states generated under X-rays
excitation.

In particular, we successfully synthesized spherical quantum wells (SQWs)
CdS/CdSe/CdS with varying shell thicknesses, the diameter is from 15 nm up to 40 nm
with a good size dispersion. The sandwich-like structure enables the synthesis of giant
shells without the loss of optical quality due to less misfit defects, and the quantum yield
here is up to 80% for smaller particles, and even for the larger particles the quantum yield
is measured as 35% in thin film. In addition, different heterostructural nanoplatelets
(NPLs), core/crown, core/shell and core/crown/shell NPLs are prepared by hot injection
method. We achieved the formation of core/crown NPLs with regular shape, facilitating
further overcoating and applications. And alloyed core/shell CdSe/CdZnS NPLs were
fabricated in three varying shell thickness with narrow PL linewidths, homogeneous
morphology and high quantum yield. We also for the first time successfully coated a
CdZnS shell on the core/crown seeds via the hot precursor injection with 20% quantum
yield in thin film, demonstrating the possibility to fabricate core/crown/shell NPLs
through hot-injection method.

To investigate the scintillation properties of NCs, we mainly analyzed the spectral and
dynamical behavior under X-rays excitation via the steady-state radioluminescence
technique and time-resolved techniques. We performed the decay curves measurement
under varying excitation powers, this power dependence enables the identification of the
excited states. Together with time-resolved emission spectra, we successfully achieved
the assignment of single exciton, biexciton, and S-level transition and P-level transition
involving the multi-carriers (>4). The biexciton quantum yield was calculated up to 40%.
Through comparative analysis between intense optical excitation and X-rays excitation,
analogous emission features have been observed, which is an indication of the presence
of similar excitonic species, proving that carrier multiplication plays an important role in
the scintillation processes. Based on the analysis of decay dynamics, we studied the
evolution of the ratio of each excitonic species in varying sized SQWs during the
scintillation process. A simulation based on rate equations from Prof A.Vasil’ev (Moscow
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state university) modeled the distribution of the excitation species production in different
sized NCs under 30keV photon excitation. The experimental results are consistent with
the theoretical modeling, the fraction of the biexciton does not evolve significantly with
the particle size in the range we used, suggesting the excitonic species formed under
extremely energetic electron excitation is insensitive to the nanoparticle size. We suggest
that Auger quenching is dominating when high order multiexcitons are produced in the
confined structure which are in principle favored for larger sizes. For this part,
considering that larger size increases the decay time of the single exciton, we do not have
benefit to use large shells for fast timing applications.

Compared to the SQWs, NPLs displayed faster lifetime due to the strong oscillator
strength. Therefore, NPLs is an outstanding fast-timing scintillation material. By
comparing the temporally and spectrally radiative recombination produced following
excitation under photoexciton and under X-rays excitation, we identify and quantify the
distribution of excitonic species during the scintillation process of different Cd-based
nanoplatelets. Different behaviors have been observed in core/crown, core/shell, and
core/crown/shell NPLs under X-rays excitation. Red-shifted spectrum with respect to PL
was observed in core/crown and is characterized with fast time constant of less than 1 ns.
This red shift is beneficial for the reduction of self-absorption. Meanwhile in core/shell
and core/crown/shell NPLs, the fast emissive features were found on the blue edge from
the time resolved spectra. Based on the highly uniformity in spectra and kinetics
compared to the intense optical excitation, we proved that the fast component origins
from the multiexcitons under the radiation of X-rays, indicating that the carrier
multiplication phenomenon is effective in the 2D nanocrystals. In addition, by analyzing
steady state spectra of core/shell structures with different shell thicknesses, we found that
in the particle size range we are studying (less than 10nm in thickness), the fraction of
multiexcitons emission gradually increases as the thickness of the shell increases.
However, for the pulsed X-rays excitation, the size dependent behavior cannot be
observed, the interpretation might be that the carriers are trapped by the defects before
the occurrence of carrier multiplication in large particles, leading to the decrease in the
formation of multiexcitons.

In summary, we demonstrated that the excitonic species during the scintillation
process under X-rays excitation are similar to that under intense optical excitation i II-
VI nanoparticles, both for SQWs and 2D NPLs. All observable emission signals can be
attributed to recombination of single, charged and multiexcitons. The multiexcitons are
mostly produced by carrier multiplication of secondary electrons. And the size-dependent
trend is observed for small sized NPLs, not the larger SQWs particles. These
observations give direct insight into understanding of the energy deposition and
relaxation process under X-rays radiation in nanoparticles.

Even though we have achieved the investigation on the scintillation properties of II-
VI nanocrystals, there are still many challenges that need to be overcome for future
research and applications. First, nanocrystals which can suppress the Auger effect without
the prolong of lifetime, are needed for fast timing scintillators. Meanwhile, since the
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defects usually introduce delayed emission, realization of defects free nanocrystals will
also contribute to achieve this ultrafast decay. In addition, self-absorption limits the
nanocrystals concentration, making the lower energy deposition in the scintillator, and
also significantly affects the light collection emission of multiexcitons. Therefore, to
reduce the self-absorption is also an important issue to address. Nevertheless, with the
developing of the synthetic technique, the nanocrystals will be promising as a
scintillating material in the future.
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Annexel: Estimation of absorption cross section of
spherical quantum wells

We estimated the cross-section of the SQWs on the basis of ref.[85]. Specifically, the
absorption cross-section of SQWs with size(1.3/0.6/5.3nm) at 3.1eV was measured as
about 8.3x 104cm? by using the PL saturation method. We corrected the value with a
factor of 1.03 to take into account the excitation wavelength of our setup (3.06eV). Since
the similar size with our smallest particles, we are able to consider this value is the
absorption cross-section of 15 nm SQWs, which is 8x 1014 cm?. We are allowed to
calculate the absorption cross-section of all the sized SQWs by assuming to the volume
scaling[ 162], as depicted in Table A1l.1. The absorption cross section of the largest SQW's
is around three orders of magnitude larger than that of regular quantum dots.

It should be pointed out that since the absorption at the excitation wavelength is
mainly caused by the CdS shell, and the shell thickness of our 15 nm
samples(1.3/1.8/4.4nm) is a little smaller than the mentioned SQWSs(1.3/0.6/5.3nm) with
the similar volume. Therefore this estimated value may be a little overestimated.

Table Al.1 Absorption cross-section estimations for different sized SQWs

Diameter

15 20 25 30 35 40
(nm)

o (cm?) 8x 1014 1.9x 1083 | 3x 1013 6.4x 1013 1x 1012 1.2x 1012

To calculate the average number of exciton formed per nanocrystal per pulse(<N>),
the following expression was used,

<N>=j g (Al-1)

where j and o respectively represent the intensity of the excitation laser and the
absorption cross section of the sample at the excitation wavelength. The excitation
intensity of the laser can be obtained by,

Pl
i = e, (A1-2)
A

where the laser power P can be directly measured, f is the repetition frequency of the
laser, A is the area of size spot, and, the A, h, ¢ are the excitation wavelength, Planck’s
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constant, and the speed of light, respectively. The diameter of laser spot is approximately
4um. Table A1.2 shows the <N> for different sized SQWs.

Table Al.2 The average number of exciton formed per nanocrystal per pulse(<N>) for different

sized SQWs
Power(nW) 1 9.3 29.5 77 264 702 1654 4399 12739 35789
15nm 0.003 0.024 0.074 0.19 0.67 178 4.18 11.1 322  90.5
25nm 0.009 0.09 028 0.71 251 6.68 157 41.6 120 339
40nm 0.04 036 1.11 285 10.1 267 62.7 166 483 1357
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Annexe2: Solution sample under optical parametric
oscillation laser

In order to obtain steady-state multiexcitons emission characteristics, we carried out
the power dependent PL spectra measurement with an optical parametric oscillation
laser(OPO). Since too high laser intensity is very easy to cause the film sample to be
burnt out, thereby affecting the reliability of the experimental data, so for this
measurement, the emission spectra have been performed in solution sample. All the
solution was diluted in order to obtain an optical density below 0.1 to avoid self-
absorption phenomena. The pulsed laser source is OPO from EKSPLA model NT230-50-
SH, the excitation wavelength is 405nm with a repetition rate of 50Hz and a pulse width
of 3ns. The emitted light was collected by an optical fiber placed at 90 degree angle from
the excitation beam and fed to a monochromator from Jobin-Yvon (TRIAX 320) coupled
to an EMCCD (Newton 920U from Andor). The sample is not placed at focus point. The
laser spot diameter is measured as 2mm, and the power used here is from 0.1mW to
105mW.

A2.1 Spherical quantum wells solution sample

In FigureA2.1, we present the normalized PL spectra under varying power excitation
for 15nm, 25nm and 40nm SQWs. With the power increases, we observed the emergence
of blue shoulder for 15nm SQWs, which is consistent with the signature of multiexcitons
in the time-resolved spectra, similarly, an emission feature can be seen at 2.4eV
corresponding to the shell-related transition in the presence of a large number of excitons.
In addition, different multiexcitons features are distinguishable on the blue shoulder in
the larger particles compared to that in 15nm, which is the result of the larger absorption
cross section, the emission band at 2.0eV and 2.15¢V is consistence with the
multicarriers(>4) mnvolved S-level and P-level transition respectively..

However, when we plot the evolution of integrated PL intensity as a function of
excitation fluence, as shown in Figure A2.1(b, d, f), the slope is around 0.5, the increase
of the intensity is sublinear with <N> for the power range we used. The minimum of <N>
here is ~15 exciton/pulse for 15nm SQWs, therefore plenty of multiexcitons formed in
the SQWs, the sublinear indicated the existence of the non-radiative recombination,
which is not completely suppressed. When the power continue to increase, the PL
intensity continues to increase, suggesting that part of multiexcitons still recombined
radiatively. This is the result of the high quantum yield of multiexcitons. For 40 nm
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SQWs, at 20 mlJ/cm?, the curves start to saturate, this can be interpreted with the
ultralarge absorption cross-section, leading to the formation of much higher order
excitons, in which the Auger recombination become predominant.
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FigureA2.1 (a,c,e)Emission spectra of SQWs with varying shell thickness under varying laser
power. (b,d,f) The evolution of integrated PL intensity as a function of excitation power.

A2.2 Heterostructural nanoplatelets solution sample

We performed the same measurement on NPLs as shown in Figure A2.2 and A2.3,
we summarized the behavior of different heterostructural NPLs under OPO excitation.

A2.2.1 Core/crown CdSe/CdS
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evolution of integrated PL intensity as a function of excitation power.

A2.2.2 Core/shell CdSe/CdZnS
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FigureA2.3 Emission spectra of CdSe/CdZnS nanoplatelets with varying shell thickness under
varying laser power.
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Annexe3: The influence of the applied voltage on PL
spectra in nanoplatelets

In order to investigate the influence of electric field on photoluminescence, we
applied an external electric field to CdSe/CdZnS NPLs according to ref.[163]. We focus
on the change of photoluminescence intensity and spectral profile by adjusting the
applied voltage. The schematic diagram of the device is shown in Figure A3.1. We
designed a sandwich-like structure, it consists of two electrodes, which are made of FTO
coated glass, and a NPLs flim was sandwished between the electrodes. Specifically,
100u]l NPLs in polymer solution (PMAQ) was deposited on the FTO surface of glass by
spin-coating (1500rpm for 40s). The second FTO electrode was attached to the NPLs
containing polymeric film with epoxy glue, then dry for one night before applying the
voltage. A DC voltage power supply is used to generate the external voltage. The
experimental setup is based on the steady-state spectrum measurement setup mentioned
previously.

FTO coated glass

Epoxy glue

NPLs in polymer

FigureA3.1 Schematic representation of the device for applying voltage on NPLs: CdSe/CdZnS
NPLs in polymer is sandwished between two FTO electrodes coated on glass, epoxy glue is used
to attach the second electrode.

The applied voltage we used here is from OV to 200V. The change of the integrated
PL intensity and the spectra profile are presented in the Figure A3.2. The emission was
effected strongly as the voltage increases. First, a great decrease of the emission intensity
with increasing applied voltage is observed, which can be attributed to the charging effect
of the NPLs[164].
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We also observe a redshift of the peak position accompanied by a significant linewidth
broadening. The spectral broadening as a function of applied voltage is related to the
increased LO (longitudinal optical)-phonon coupling in the presence of an electric field,
while the red shift in peak position has been demonstrated as a characteristic of the
quantum confined Stark effect. In ensembles of NCs, the stark shift approximately
exhibits a quadratic dependence to the applied voltage[ 164], which is consistent with our
fitting n FigureA3.3.
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FigureA3.2 (a) integrated PL spectra under applied voltage from 0V to 200V, (b) Normalized
voltage-dependent PL spectra, to highlight to linewidth broadening and the red shift of the peak
position as the increasing applied voltage.
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FigureA3.3 The red shift of PL peak position over applied voltage with respect to PL peak at 0V
extracted from the spectra shown in Figure A3.2(b), fitted approximately with a quadratic
function(~1.8) of applied voltage (red line)
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