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Chapter 1

Introduction

On the macroscopic scale, the physical and chemical properties of a material, such as its color and
its melting point, are commonly known to be rigid and independent of the size of the object. Take
for example my sweater. I own a red sweater, size XL. This sweater has been fabricated in the sizes
M, L, XL and XXL. Each differently sized sweater is made of the same fabric and still has the same
color. I could even cut up my sweater in smaller pieces and their color would not change, nor would
their melting point. It should be noted that this last statement has not been verified experimentally,
fortunately, as this is not a thesis about my sweater. This is a thesis about nanomaterials.

Nanomaterials are different. On the nanoscale, characteristics such as the melting point and the
energy levels of a material may change with the size of the particle, while its chemical composition
remains the same. These newfound properties and their dependence on the size and shape of the
material have piqued the interest of researchers worldwide resulting in the exciting scientific field of
nanotechnology. The last couple of decades have seen an exponential growth of activities in this field,
driven by the promise of the numerous applications of nanomaterials. These applications range from
catalysis to lighting to quantum computing. Furthermore, the field has attracted the attention of the
general public, nanotechnology being widely perceived as one of the key technologies of the twenty-first
century [1].

A nanomaterial is defined as matter with at least one of its spatial dimensions sized between 1
and 100 nanometers. This is a broad definition. The term nanomaterial therefore encompasses a large
variety of particle types: two-dimensional materials (nanosheets [2, 3]), one-dimensional materials
(nanorods, nanowires [4, 5]) and zero-dimensional materials (nanocrystals [6, 7]). This work is focused
on a sub-class of the last type: the quantum dot.

Quantum dots are colloidal semiconductor nanocrystals. They are composed of a semiconductor
crystal core that is surrounded by organic ligands to ensure dispersion in a liquid medium while
maintaining colloidal stability of the particles. The small size of the quantum dots endows them with
an interesting set of characteristics. One of these is the large surface to volume ratio. In a macroscopic
material, the amount of surface atoms is relatively so small that their contribution to the system can
be neglected. In a quantum dot of 1 nm, composed of ca. 30 atoms, almost every atom is a surface
atom! This heavily affects the particle reactivity, as well as its crystalline stability [1, 6, 8, 9]. Another
quantum dot characteristic that has received particular scientific attention is the dependence of the
semiconductor bandgap on the particle size. The smaller the particle becomes, the larger its bandgap
will be. This is explained by the quantum confinement effect. This effect occurs when the dimensions
of the semiconductor particle approach the Bohr radius (a0) of the exciton, thereby spatially confining
the electron-hole pair and raising its energy. This increases the bandgap energy and gives rise to
discrete energy levels near the bands. The effect has the result that the wavelengths of light absorbed
and emitted by the particles can be tuned by their size [6–11].

Over the years, the combined work of a large number of research groups has provided us with a
vast library of publications describing the synthesis of fluorescent quantum dots and their application
in light emitting diodes (LEDs) [12–15], photovoltaic devices [16–20] and biological labelling[21–24].
For each of these applications, synthetic control over the optoelectronic properties of the material is
of paramount importance as in a LED emission of specific colors is needed, for a photovoltaic device
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Chapter 1. Introduction

light absorption over a broad spectrum is desired and for a biological label the light must be emitted
over a longer timescale so it can be distinguished from the background radiation [25].

To cater to these needs, the optoelectronic properties of a quantum dot can be tailored even further
by introducing optically active impurity atoms into the crystal lattice in a process known as doping.
The incorporation of optically active dopants into semiconductor nanocrystals is an active area of
research and the successful doping of quantum dots has been extensively reported, most notably with
luminescent Mn [26–28] and Cu [29, 30] ions. Some reports are found where the dots have been
successfully coupled to lanthanide ions [31–34], which is arguably even more interesting due to the
wide range of electronic structures that the lanthanides display. Their intra 4f transitions result in a
narrow line emission that is minimally influenced by the chemical environment of the lanthanide ion.
The doping of quantum dots with Yb3+ seems especially promising both for fundamental research and
for applications, because the Yb3+ emission is well separated from the emission of the quantum dot
in the visible region.

A problem that needs to be overcome before quantum dots can be applied on an industrial scale
is the intrinsic toxicity of the materials that the dots are composed of. The material that has been
investigated most extensively for the use in dots is cadmium selenide (CdSe), which contains cadmium,
a highly toxic metal. For the proposed applications the dots need to be free of toxic elements so a
variety of non-toxic materials is being investigated. One of these materials is indium phosphide (InP).
Quantum dots composed of InP are proposed to be a promising alternative to CdSe dots as their
emission and absorption can be tuned over the visible and near-infrared range as well, while having a
lower intrinsic toxicity due to the covalent nature of their crystal lattice [35, 36]. A disadvantage of
InP is its low fluorescent quantum yield, measured to be as low as 1 % [35]. This low quantum yield
has been attributed to the dangling bonds on the surface, facilitating non-radiative relaxation of the
excited state. However, there have been several publications describing the growth of a semiconductor
shell of a different material over InP quantum dots to passivate the dangling bonds on the surface and
raise the quantum yield to values approaching those measured in CdSe nanocrystals [36–39].

The goal of the project

The primary aim of the project described in this report is to combine the narrow line emission of
lanthanide ions with the broad absorption of non-toxic InP nanocrystals. This goal is pursued by
developing a synthetic procedure to dope InP quantum dots with Yb3+ ions and investigating the
energy transferred from dot to dopant. Several methods are employed to grow InP quantum dots, to
attach Yb3+ ions to their surface and to overgrow the dots with a semiconductor shell. To elucidate
their electronic structure, the resulting particles are subjected to a variety of analytical techniques,
including absorption spectroscopy, emission spectroscopy and measuring the lifetime of the excited
states.

As a secondary aim, this thesis strives to provide a better description of the internal and electronical
structure of ytterbium doped CdSe quantum dots. To this end, CdSe quantum dots are synthesized,
a previously described doping method is applied and the resulting particles are subjected to the same
analytical techniques as the InP particles.

The thesis is comprised of the following sections: the introduction will be followed by a theory
section, in which a more fundamental theoretical background will be provided to understand con-
cepts that have already been briefly addressed in this introduction, such as quantum confinement,
quantum dot synthesis, lanthanide electronic structure and energy transfer. Then two sections will
follow, one detailing the experiments done with InP quantum dots and one those with CdSe quantum
dots, including a description of the experimental methods used, the results that were obtained and a
discussion of the obtained results. The thesis will then be concluded with a summary and an outlook
towards future experiments.
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Chapter 2

Theory

In this thesis, the synthesis and optical properties of doped semiconductor nanocrystals will be de-
scribed. To properly discuss the experimental findings, a fundamental theoretical background is
required. This chapter is dedicated to providing this background and will cover the following subjects:
the electronic structure of a quantum dot and the origin of its size-dependent bandgap, the influence
of shell-growth on the material properties, quantum dot synthesis techniques with focus on the hot
injection method, synthetic strategies to dope nanocrystals, the electronic properties of lanthanide
ions with focus on intra 4f transitions and finally the concept of energy transfer.

2.1 The electronic structure of a quantum dot
Quantum dots have been the subject of extensive research in large part due to the size dependence
of their electronic properties: when the size of the nanocrystal decreases, the energy gap between the
valance band and the conduction band of the semiconductor material increases and discrete energy
levels close to the bands can be observed [1, 6–11]. This phenomenon is known as ’quantum confine-
ment’. A demonstration of this effect is displayed in figure 2.1 where a series of differently sized CdSe
crystals in dispersion are shown underneath schematic representations of their electronic structure.
Quantum confinement can be understood by either describing the system as a very small semicon-
ductor crystal in a ’top-down’ approach or as a very large molecule in the more chemical ’bottom up’
approach. Both explanations will be discussed in more detail in this section.

2.1.1 Top down approach

In the top down approach we approximate the quantum dot as a semiconductor nanocrystal that
has become so small that its exciton wave-function becomes spatially confined. Increased spatial
confinement of the exciton in increasingly smaller dots has the effect that the exciton energy increases
and the material absorbs and emits light of higher energies.

When an electron in a semiconductor material is promoted to the conduction band by absorption of
energy, it leaves behind a positively charged hole in the valence band. This positively charged hole and
negatively charged electron are held together by attraction of a Coulomb force and this electron-hole
pair can be described as a quasi-particle known as an exciton. The average distance between the elec-
tron and the hole is referred to as the exciton bohr radius (a0) and its expression is given in equation 2.1
[41].

a0 = ~2ε

e2

( 1
me

+ 1
mh

)
(2.1)

Here, ε is the material dielectric constant, e is the charge of the electron and me and mh are the
effective masses of the electron and the hole, respectively. As can be seen, the exciton bohr radius is
inversely dependent on the effective masses, which are themselves measures of the electron and hole
mobility in the solid. In an insulator, electrons are not very mobile and a0 is typically very small,
whereas in semiconductors and metals, where electrons experience higher mobility, a0 becomes larger.
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Chapter 2. Theory 2.1. The electronic structure of a quantum dot

Figure 2.1: A schematic representation of the energetic band gap dependence on the CdSe crystal size. The
electronic band structure of CdSe is displayed above a cartoon of differently sized crystals corresponding with
a series of vials containing CdSe dispersions emitting light of different colors upon excitation with a UV-lamp.
As the size of the crystals decreases from 6 nm to 2 nm the band gap increases and the emitted light shifts to
higher wavelengths. Image reproduced from reference [40].

A correlation between energy bandgap and exciton bohr radius can be seen in materials: when the
bandgap decreases, a0 increases [1, 41].

The bohr radius gives a measure of the extension of an exciton in a material. When the size of
the material approaches this length scale, confinement effects can be seen. As a general rule of thumb
quantum confinement sets in when the size of a crystal is decreased below 4a0. The InP exciton bohr
radius is 15 nm [42] and the CdSe exciton bohr radius is 5.6 nm [43], which means that InP displays
quantum confinement over a larger range of particle sizes, implying that the emission and absorption
of InP can be tuned over a broader spectrum [35].

Among the first to describe the spatial confinement of the exciton physically was the group of Brus.
They synthesized and spectroscopically analyzed CdS and ZnS nanocrystals (in their work referred
to as crystallites) and saw a shift to higher absorption energies with smaller crystals [10]. They ex-
plained this observation based on the confinement of the exciton wave function and adapted the wave
function for a bulk material to one for a confined crystal in order to solve the Schrödinger equation
for the lowest excited electronic state in a nanocrystal [11]. This expression is given in equation 2.2.

E = Eg + ~2π2

2R2

( 1
me

+ 1
mh

)
− 1.8e2

ε2R
+ smaller terms (2.2)

This equation consists of three major terms. The first term, Eg, denotes the band gap energy of
the bulk material at 0 K. The second term describes the spatial localization of the exciton, where R
is the crystal radius. The third term is an expression for the size-dependent coulombic attraction.
As can be seen, the positive term for the spatial localization energy is inversely dependent on the
square of the particle radius and the negative term on just the particle radius, meaning that when R
is sufficiently decreased, the term for the spatial localization will dominate and the band gap in the
crystal will start to increase.
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2.2. The electronic structure of core-shell systems Chapter 2. Theory

2.1.2 Bottom up approach

The quantum confinement effect can also be understood from the bottom up when we approach the
quantum dot as a very large molecule or a cluster of atoms. The basis of this approximation is the
quantum chemical method of linear combination of atomic orbitals (LCAO) where an overall wave
function for a molecule is constructed from the individual atomic orbitals [40, 44, 45]. A simple
example is the construction of bonding (σ) and anti-bonding (σ*) orbitals in H2 molecules. The
electrons of two 1s atomic orbitals can lower their energy by occupying the bonding molecular orbital
and leaving the anti-bonding molecular orbital unoccupied, as displayed in figure 2.2. The highest
occupied molecular orbital is referred to as the HOMO and the lowest unoccupied molecular orbital
is referred to as the LUMO.

Figure 2.2: A representation of the electronic structure of H2. The 1s atomic orbitals of two H atoms combine
to form a bonding orbital (σ) and an antibonding orbital (σ*). The electrons occupy the energetically lower σ
orbital to form a molecular bond. Image reproduced from reference [45].

The principle can also be applied on larger systems, consisting of more than two atoms, where with
the addition of each extra atom, a new bonding and anti-bonding orbital are formed [44]. As more
atoms are added to the system and more molecular orbitals are formed, the energy gap between the
HOMO and the LUMO starts to decrease and if a very large number of atoms is brought together in
this manner, the density of states increases and the molecular orbitals begin to form quasi-continuous
bands, separated by a band gap energy. This is demonstrated in figure 2.3, where we start out with a
HOMO and LUMO energy level of a molecule and add atoms until a band structure is formed. On the
intermediate between the molecule and bulk material we find the electronic structure of a quantum
dot, with a filled conduction band and empty valance band and discrete energy levels at the band
edges [1, 40, 44]. If more atoms are added to this dot, the band gap energy decreases further and the
electronic structure becomes that of a bulk semiconductor material [1, 40, 44].

2.2 The electronic structure of core-shell systems
As demonstrated in the previous section the electronic structure of a quantum dot can be extensively
controlled by varying the particle size. Another way to influence the electronic properties of a dot is by
overgrowing it with a shell to form a core-shell system. In such a system, a semiconductor nanocrystal
is the core on which another material, usually also a semiconductor, is epitaxally grown as a shell to
form a heterojunction. Core-shell systems are generally classified as three different types based on
their electronic structures: type-I, type-I1/2 and type-II [1, 40, 47]. This section will describe these
different types and their influence on the quantum dot properties. A schematic representation of the
electronic structure of the different core-shell system types is displayed in figure 2.4.
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Figure 2.3: A demonstration of the bottom-up explanation of quantum confinement. At the left, the HOMO
and the LUMO of a molecule are displayed as energy levels. When more atomic orbitals are added to the
system, more molecular orbitals are formed. The HOMO-LUMO gap decreases and the density of states
increases. Bands are formed and the electronic structure of a quantum dot is obtained. As the amount of
atoms is further increased the energy band gap decreases further and the conduction band and valance band of
a semiconductor are formed. Image reproduced from reference [46].

The type-I core-shell system is the most studied one and is comprised of a semiconductor core
overgrown with a shell of a different semiconductor or insulator that has a higher conductive band
edge and a lower valence band edge. This band alignment ensures that the exciton that is generated
in the core remains confined there. The reason to grow a type-I shell is usually to shield the core
material from oxidation or photodegradation, processes that are detrimental to the desired electronic
properties. Another reason to use a type-I shell is to passivate dangling bonds on the quantum dot
surface that may otherwise act as trap states for charge carriers. The overgrowth of a type-I shell on a
quantum dot is in many cases accompanied by a small red-shift in the excitonic peak in its absorption
and emission spectra, attributed to the partial extension of the exciton wavefunction into the shell
material [1, 40, 47].

In a type-I1/2 core-shell system, a shell is grown that has either the conduction or the valence band
edge energy similar to that of the core material, but the other band edge lower when it’s a valence
band or higher if it’s a conduction band. This configuration has the effect that the one of the exciton
charge carriers is free to move through both core and shell, while the other remains trapped in the
core. The type-I1/2 shell type has a similar shielding benefit for one of the charge carriers to that of
a type-I shell, the main observed difference is the bigger red-shift of the excitonic peak in absorption
and emission spectra. This shift is caused by the delocalization of the electron or hole [1, 40, 47].

Type-II core-shell systems are made by overgrowth of a shell material that has both a lower
conduction band edge energy and a lower valence band edge or a higher conduction band edge energy
and a higher valence band edge. This makes sure that after excitation, the one of the exciton charge
carriers is confined to the shell material while the other is confined to the core. The effect of this
staggered band gap alignment is that emission and absorption are red-shifted and due to the indirect
nature of the electron-hole recombination, the lifetime of the excited state is increased. An interesting
property of the type-II system is that the emission and absorption energy may be lower than either
the core or the shell band gap, which means that the emission color can be tuned to wavelengths that
were otherwise unattainable for certain materials [1, 40, 47].

In this thesis, several different semiconductor materials are used to form different types of core
shell structures. The band gap energies of a selection of semiconductors is displayed in figure 2.5.

6



2.3. Quantum dot synthesis Chapter 2. Theory

Figure 2.4: Schematic representation of the different shell types. Band structures of the different types are
displayed above representations of the core-shell systems. The localization of the charge carriers is given by the
gaussian functions. Type-I systems have the band gap of the core inside that of the shell material and both the
electron and the hole localized in the core. Type-I1/2 systems have the same conduction band edge for both
materials with the valence band edge lower for the shell material, here the electron is delocalized over both core
and shell. Type-II systems have a staggered band gap allignment. The electron is localized in the shell and the
hole in the core. Reproduced from reference [40].

Figure 2.5: The relative band allignments of a selection of semiconductors. The energy of the states is given
in eV with respect to vacuum, where E = 0 eV. Reproduced from reference [40].

2.3 Quantum dot synthesis
Ever since the discovery of quantum dots and up to this day, the synthesis of quantum dots is an active
area of research. Several methods to synthesize the particles have been developed. The synthesis can
be approached both from the top down and the bottom up. An example of a top down approach to
nanocrystal fabrication is lithography. With this technique, an electron beam or a chemical is used
to etch away bulk material and effectively cut it into smaller pieces [48]. An example of a bottom up
approach to quantum dot synthesis is the colloidal synthesis. This chemically oriented method relies
on the formation of colloidal semiconductor crystals in the liquid phase, by aggregation of monomers
in solution. The majority of the protocols based on this method uses the ’hot-injection’ technique,
where a room temperature solution of one of the precursors is injected into a hot solution of the other
precursors [1, 40, 49, 50].

2.3.1 Hot injection

One of the main advantages of the hot injection technique and one of the reasons it is so extensively
employed, is that the colloidal nucleation event can be separated from the colloidal growth regime.
This ensures that the particles are formed simultaneously during the injection step, and the size of the
particles can be controlled by the length of the growth time, resulting in a solution of quantum dots
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with a narrow size distribution. The separation of the different stages of the reaction mixture during
different steps of the synthesis can be understood from the degree of supersaturation of the monomers
in the solution, see figure 2.6.

The first stage is the induction period that starts during the injection step. Here, the molecular
precursors react to form monomers. Monomers are the basic constituents of the nanocrystal, so for
a CdSe crystal the monomer would be a single [CdSe] unit. After precursor injection into a hot
reaction mixture, the formation of monomers causes the degree of supersaturation to rise until a point
of critical supersaturation is reached. At this critical point, the supersaturation is sufficiently high
to form colloidal nanocrystals in the solution, during the nucleation stage. Nucleation will cause
the concentration of monomers to drop below the critical supersaturation, after which nucleation is
terminated and the growth stage is started. During the growth stage monomers will attach to the
nanocrystal surface until the supersaturation declines. It should be noted that at this point, undesired
Ostwald ripening may set in that causes polydispersity of the crystals. To prevent this, the solution
is usually cooled a certain time after injection [1, 40, 49, 50].

Figure 2.6: Graph showing the dependence of the different stages of colloidal nanocrystal synthesis on the
degree of monomer supersaturation (S). S is plotted against the time. S0 is the solubility limit of the solvents.
Stage I is the induction period. When S reaches SCRIT the nucleation will begin in stage II. Nucleation is
terminated when supersaturation drops below SCRIT upon which stage III, the growth stage, is started. This
will continue until S0 is reached. Graph reproduced from reference [51].

The driving force for the particle nucleation can be explained based on the change in total Gibbs
free energy [49, 50]. An expression for ∆GT OT is given in equation 2.3.

∆GT OT = ∆GV + ∆GS (2.3)

Here, we can see that the total change in Gibbs free energy is dependent on ∆GV , the free en-
ergy of the volume of the particle, given in equation 2.4 and ∆GS , the free energy of the surface of
the particle, given in equation 2.5.

∆GV = 3
4πr

3ρ∆µ (2.4)

The free energy for the volume (∆GV ) is given by the product of the particle volume, where r is
the radius, the density ρ and the change in chemical potential difference ∆µ. ∆µ can be approxi-
mated with −kT lnS, where S is the supersaturation. This makes the term for ∆GV negative, which
is correct since the systems energy is lowered by the formation of molecular bonds in the crystal.
The surface free energy (∆GS) is equal to the product of the surface area, where r is the radius, and
the interfacial tension γ. The formation of an interface between the crystal and the solution is not a
spontaneous process, so ∆GS is positive.

∆GS = 4πr2γ (2.5)
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When the terms are put together, the expression for ∆GT OT becomes equation 2.6.

∆GT OT = −3
4πr

3ρkT lnS + 4πr2γ (2.6)

∆GV and ∆GS are both dependent on r but have opposite signs. At a certain r, ∆GT OT is maximized.
This radius is referred to as the critical radius rC and its expression is given in equation 2.7. When
the size of the particle increases above rC , growth of the crystal will be spontaneous. A graphical
demonstration of the dependence of ∆G on the particle radius is displayed in figure 2.7.

rC = − 2γ
ρkT lnS (2.7)

Figure 2.7: The dependence of the Gibbs free energy on the particle radius. ∆GV and ∆GS are the change
in Gibbs free energy of the particle volume and surface, respectively. The sum of these energies is the total
change in free energy ∆GT OT . The maximum of ∆GT OT corresponds with the critical radius RC. GC denotes
the minimum energy required to reach RC and subsequently the particle growth activation energy. Graph
reproduced from reference [51].

2.4 Doping the quantum dots
The doping of a material is the intentional introduction of impurity atoms into its crystal lattice,
thereby changing the material properties [25, 52, 53]. Doping can be used to further alter the electronic
structure of a quantum dot. If a luminescent species is introduced, a quantum dot in its excited state
can transfer its energy to the dopant and as a result, the dopant emission an be observed. Over the
last decades several strategies to introduce impurity elements into colloidal quantum dots have been
developed. This subsection will cover nucleation doping, growth doping and cation exchange, the most
commonly used doping techniques.

The nucleation doping strategy relies on the introduction of the impurity atom in the form of a
molecular precursor during the nucleation stage of the nanocrystals [25, 53]. A nucleus containing the
dopant atom is synthesized. If incorporation of the dopant into the crystal lattice is favorable, the
nucleus can be grown into a mature quantum dot by deposition of the semiconductor monomers. Nu-
cleation doping leads to crystals that are either homogeneously doped or have their dopant exclusively
localized in their center. This localization of the dopant ensures efficient energy transfer, resulting

9



Chapter 2. Theory 2.5. Lanthanide ions

in particles that show only emission of the luminescent dopant, and complete quenching of the band
edge emission of the quantum dot [25, 53].

In growth doping, the impurity element is introduced after the formation of a quantum dot. The
dopant is effectively attached to the nanocrystal surface. The nanocrystal is subsequently overgrown
with a shell of the same or a different material, encapsulating the dopant [25, 53]. After growth
doping, the dopants are usually localized at a fixed distance of the particle core. Energy transfer to
the dopant will occur partially, so that quantum dot band edge emission is observed as well as the
dopant emission [25, 53].

The cation exchange doping strategy relies on the exchange of cations in the crystal lattice of a
quantum dot with different cations in the mixture. For the cation exchange to be succesful, both the
outgoing and the entering species must have a high mobility in the crystal lattice, which means that
they must be sufficiently small [54]. Furthermore, a driving force for the exchange must exist in the
form of a lowered lattice energy after exchange or a higher solubility in the liquid medium for the
leaving species [54]. When these conditions are satisfied, a dot can be homogeneously doped.

2.4.1 Self-purification

The nanoscale offers new solution doping strategies, but poses new challenges as well. One of the
problems that is encountered during the synthesis of doped nanocrystals is the self-purification of the
crystal lattice. To lower its lattice energy, a nanocrystal may eject an impurity atom [52]. For lattice
ejection of the dopant species to be possible, the system must be in thermodynamic equilibrium with
its environment. This means that at high temperatures the nanocrystal will form an energetically
more favorable lattice and dopant ions are expelled.

2.5 Lanthanide ions
The lanthanides form a series of chemical elements where each succeeding lanthanide has an extra
electron in its 4f shell. Together with the chemically similar elements scandium and yttrium, they are
referred to as the rare earth elements [55].

Lanthanides are commonly found in the oxidation state +3 and Ln3+ (Ln being the informal
chemical symbol to denote any of the lanthanide elements) has the general electron configuration of
[Xe]4fn. Here, the 4f orbitals are shielded by the further extending 5s and 5p orbitals. Since the 5s and
5p orbitals are the ones that interact with the environment and only the electronic structure of the
4f orbitals changes, the series of lanthanides is chemically very similar. The most noticeable chemical
difference between the lanthanides is the decrease ionic radius over the series. This is known as the
lanthanide contraction and is explained by the increase in nuclear charge. The 5s and 5p electrons are
poorly shielded by the 4f electrons, so with increasing nuclear charge the extension 5s and 5p orbitals
decreases [56].

While the lanthanide ions are chemically very similar, they are scientifically studied largely because
of their spectroscopically unique intra 4f transitions. For a Ln3+ ion with configuration [Xe]4fn, there
are

(14
n

)
different electron distributions over the 4f shell. This gives rise to multiple energy levels within

the shell, which are displayed in the diagram displayed in figure 2.8, created by the group of Dieke
based on their spectroscopic and theoretical work [57].

The different energy levels in the Dieke diagram are denoted with term symbols that contain
information on the quantum numbers of the configuration. The term symbols can be read as 2S+1LJ,
where S is the total spin momentum quantum number (

∑
ms) and L is the total orbital momentum

quantum number (
∑
ml). The expression for L is the letter S, P, D, F, ..., corresponding with

∑
ml =

0, 1, 2, 3, ... In heavier atoms, the spin momentum quantum number and orbital momentum quantum
number combine to form the total angular momentum quantum number J (

∑
(ms +ml)). The ground

state term symbol can be found by applying Hund’s rules: S is maximized first, then L. The value for
J in the ground state is L - S for n < 7 and L + S for n ≥ 7.

As an example we take Yb3+. The electronic configuration of Yb3+ is [Xe]4f13. Distribution of
these 13 electrons over the 7 4f sub-orbitals and applying Hund’s rules yields the maximum S of 1/2
(7 × 1/2 + 6 × -1/2) and the maximum L of +3 (2 × 3 + 2 × 2 + 2 × 1 + 2 × 0 - 2 × 1 - 2 × 2 - 3),
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corresponding with F. Since 13 > 7, J = L + S = 7/2. The ground state term symbol then becomes
2F7/2. The first excited state corresponds with a change in angular momentum and is 2F5/2.

The shielding of the f orbitals has been well demonstrated in the optical spectra of the lanthanides.
The f→ f transitions yield fine line emission bands with a very small Stokes shift, because the f orbitals
are shielded from their environment and do not partake in chemical bonds. This also has the effect
that crystal field splitting (indicated in the Dieke diagram by the width of a state) is minimal.

The f → f transitions are parity forbidden. Due to the forbidden nature of the transitions their
molar extinction coefficient is very low and they absorb light only weakly. As a result of being parity
forbidden, f→ f transitions usually have a very long excited state life-time, on the order of milliseconds.

Figure 2.8: The 4f energy levels of the lanthanide series. The broadening of a level indicates its crystal field
splitting. Reproduced from reference [57].
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2.6 Energy transfer
Upon absorption of a photon, an electron is promoted to an energetically higher excited state. From
this excited state, the electron can lose its energy either by emission of a photon, or by transferring its
energy to another system. The focus of this thesis is on the energy transfer of the excited state of a
quantum dot to its Yb3+ dopants. This section is dedicated to explaining the postulated mechanism
for this energy transfer. Non-radiative energy transfer is discussed as well.

2.6.1 Ytterbium doped quantum dots

Energy transfer from the quantum dot in its excited state to the dopant needs to occur to observe
Yb3+ dopant emission upon excitation of its quantum dot host. The energy difference between the
quantum dot band gap and the energy difference between the 2F5/2 excited state and the 2F7/2 ground
state of Yb3+ is relatively large (on the order of 7000 cm-1). This energy difference is much higher
than the lattice vibration energy of the quantum dot host material (ca. 200 cm-1 for CdSe [58] and
ca. 300 cm-1 for InP [59]), so direct energy transfer assisted by phonons is unlikely. Therefore, to
describe this process, a two step mechanism has been proposed: in the first step, the electron in the
conduction band of the quantum dot reduces the Yb3+ ion, yielding Yb2+. In the second step, the
Yb2+ ion is oxidized by the hole in the valence band of the quantum dot, which results in a Yb3+ ion
with an electron in its 2F5/2 excited state. The energy transfer mechanism is depicted schematically
in figure 2.9. After the energy transfer, emission upon relaxation to the 2F7/2 ground state may be
observed.

Figure 2.9: Schematic depiction of the quantum dot to Yb3+ energy transfer mechanism. A photon is
absorbed, promoting an electron from the valence band to the conduction band, leaving behind a hole. The
electron reduces the Yb3+ to form Yb2+, which is then oxidized by the hole, yielding Yb3+ in its 2F5/2 excited
state. This excited state may then relax to the 2F7/2 ground state by emission of a photon. Image reproduced
from [60].
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2.6.2 Multi-phonon relaxation

The energy of an excited state may also be relaxed by the release of phonons. Phonons are the
vibrations of molecular bonds or lattices. As a general rule, an excited state will only decay via multi-
phonon relaxation by coupling with five phonons or less. For ytterbium, the energy difference between
its 2F5/2 excited state and its 2F7/2 ground state is about 10000 cm-1 (see figure 2.8). This means that,
assuming the vibrational energy of a semiconductor to be around 250 cm-1, in a semiconductor lattice,
the excited state of Yb3+ will not decay non-radiatively. However, organic solutions and ligands can
have vibrational energies around 3300 cm-1 for an O-H stretching vibration and around 3000 cm-1 for
a C-H stretching vibration, so an Yb3+ ion in contact with a surface ligand or the quantum dot solute
can have its excited state decay non-radiatively by coupling to molecular vibrations. This energy
transfer will have a detrimental effect on the lanthanide luminescent quantum yield and the lifetime
of its excited state.

2.6.3 Electron trapping

Although the number of phonons required to bridge the band gap of a quantum dot is too large to
allow the excited state of a dot to decay via multi-phonon relaxation (more than 50 would be required
for CdSe), non-radiative decay of a quantum dot is still possible via the capture of the excited electron
by a trap state. Trap states are energetic states in between the semiconductor nanoxrystal band gap,
formed by discontinuities in the nanocrystal lattice, such as lattice defects and surface states [1, 40].
After relaxation of a conduction band electron to a trap state, it can recombine with a valence band
hole upon emission of an energetically lower photon, process 2 in figure 2.10. Alternatively, the energy
can non-radiatively decay via multiple trap states until the quantum dot ground state is reached as
displayed in process 3 in figure 2.10.

Figure 2.10: Schematic represantation of possible modes of quantum dot exciton decay. Decay process 1
is the relaxation of the exciton to the valence band upon emission of photon with energy equal to the band
gap. Process 2 is the non-radiative decay to a trap state followed by radiative emission at a lower energy than
the band gap. Process 3 is the non-radiative decay of a quantum dot exciton via multiple trap states. Image
reproduced from reference [46].
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Chapter 3

Incorporation of Yb3+ into InP
quantum dots

Abstract

A growth doping strategy to attach Yb3+ ions to InP quantum dots is described. A hot-injection
method is employed to synthesize InP and In(Zn)P colloidal semiconductor nanocrystals that absorb
and emit light in the visible region. Yb3+ ions are coupled to the quantum dots in a doping step, after
which Yb3+ emission at 975 nm corresponding with the 2F5/2 → 2F7/2 transition can be observed
upon quantum dot excitation in the visible region, indicating the possibility of energy transfer from
InP quantum dots to Yb3+ lanthanide ions. The optimal Yb:QD ratio in the synthesis is found to be
360:1. The short lifetime of the Yb3+ excited state is an indication that the dopant ions reside merely
at the quantum dot surface, but washing the quantum dots multiple times does not decrease the Yb3+

emission, indicating that they are strongly bound to the nanocrystals. To incorporate the surface
resident Yb3+ dopant ions, several different shell materials are applied to the doped quantum dots,
each resulting in a decrease in Yb3+ emission, possibly as a result of nanocrystal self-purification. An
increase of Yb3+ emission upon quantum dot excitation is observed when In(Zn)P quantum dots are
used as cores instead of InP quantum dots, this increase is attributed to the passivation of trap states
by Zn.

As an alternative doping method, a one pot synthesis route to dope In(Zn)P/ZnS quantum dots
with Yb3+ is utilized based on an adaption of a previous publication describing the incorporation of
Eu3+ into In(Zn)P/ZnS quantum dots, but this strategy yielded no Yb3+ emission upon quantum dot
excitation.
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3.1 Introduction
In this chapter, the development of a synthetic procedure to fabricate InP quantum dots doped with
Yb3+ ions will be described. As a doping strategy, the growth doping method is chosen: first colloidal
semiconductor nanocrystals will be synthesized, to the surface of these nanocrystals dopant ions will
be attached, and finally the surface residant ions will be overgrown with a shell material.

As a colloidal semiconductor core material, indium phosphide (InP) is chosen. InP quantum
dots have the benefit that, compared to for example cadmium selenide (CdSe) quantum dots, its
intrinsic toxicity is reduced as a result of the covalent nature of its crystal lattice [35, 36]. Fur-
thermore, the charge of the indium cations in the lattice is similar to that of trivalent lanthanide
ions, which may facilitate exchange of the cations. Potential dissadvantages of InP as a host lattice
may be the 4-fold coördination of cations in the zinc blende lattice and the smaller ionic radius of
indium compared to ytterbium. InP and In(Zn)P quantum dot cores will be synthesized via a hot-
injection technique derived from the work of Song et al. [36]. This synthesis method forgoes the
use of the pyrophoric tris(trimethylsilyl)phosphine phosphor precursor in favor of the less reactive
tris(dimethylamino)phosphine phosphor precursor.

As a trivalent lanthanide dopant ion, Yb3+ is chosen. The benefits of Yb3+ include the relatively
simple electronic structure compared to different lanthanide ions and that its characteristic emission
line corresponding with the 2F5/2 → 2F7/2 transition is well separated from the visible region where
InP quantum dot band edge emission is expected, making for more facile interpretation of the emission
spectra.

The final step in the growth doping procedure will be the overgrowth with a shell material. The
effect of using several different encapsulating shell materials is investigated: sulfur, phosphor, zinc
sulfide, zinc selenide and cadmium selenide.

A previous publication by the group of Reiss and coworkers described a one pot approach to the
growth doping of In(Zn)P/ZnS with Eu3+ ions [34]. An adapted version of this synthesis is utilized
to investigate incorporation of Yb3+ ions into In(Zn)P/ZnS colloidal semiconductor nanocrystals as
well.

Emission of the ytterbium dopant ions upon quantum dot band edge excitation will be analyzed
to describe the nature and location of the dopant ions.
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3.2 Experimental methods

3.2.1 Chemicals

Selenium (Se, 99.999 %) was purchased from Alfa Aesar. Bis(trimethylsilyl)sulfide (S(TMS)2, 98
%) and tris(trimethylsilyl)phosphine (P(TMS)3, 98 %) were purchased from Fisher Scientific. 1-
Butanol (Bu OH, 99.8 %), 1-dodecanethiol (DDT, 98+ %) indium acetate (In(Ac)3, 99.99 %), methanol
(MeOH, 99.9 %), myristic acid (MA, 99 %), 1-octadecene (ODE, 90 %), oleic acid (OA, 90 %),
oleylamine (OLAM, 70 %), toluene (99.8 %), ytterbium acetate (Yb(Ac)2, 99.9 %) and zinc chloride
(98+ %) were purchased from Sigma-Aldrich. Reagents were used as received with the exception of
ODE and OLAM, which were degassed under vacuum at 150 ◦C while stirring for 4 hours.

3.2.2 InP quantum dot synthesis

To synthesize InP core quantum dots, an adaptation of the hot injection approach described by Song
et al. is employed [36]. The synthesis has been adapted to use different amounts of zinc precursor and
was performed at different scales. The varied reaction parameters are described in appendix A.

In general, the synthesis was performed by introducing 0.199 g InCl3 (0.9 mmol), 0.122 g ZnCl2
(0.9 mmol) and 5 mL OLAM (15.2 mmol) into a 3-neck round-bottom flask fitted with a vigreux
column under inert conditions in a glove-box. This mixture was then stirred and heated to 220 ◦C.
Upon reaching this temperature, a mixture of 0.25 mL P(DMA)3 (1.35 mmol) and 1 mL OLAM (3.04
mmol) was quickly injected into the flask. The temperature of the reaction mixture was kept at 190
◦C after the injection for 5 minutes before cooling to room temperature. After cooling, the reaction
mixture was washed by addition of 2 volume equivalents of MeOH and 2 volume equivalents of BuOH.
The precipitate was separated from the liquid phase by centrifugation followed by decantation of the
supernatant. The sediment was redispersed in 4 mL toluene.

3.2.3 Post-synthetic heating of InP cores

To investigate the effect of heating the InP cores after the synthesis, the dots were redispersed in
ODE and heated to 240 ◦C while stirring for 1.5 hours. Upon cooling, the InP QDs were washed and
redispersed in toluene before they were subjected to absorption and emission spectroscopy.

3.2.4 Yb3+ growth doping procedure

The growth doping procedure that was utilized to incorporate Yb3+ ions into InP quantum dots
is based on a procedure described by Meijerink and coworkers to incorporate ytterbium into CdSe
nanoparticles [33].

Yb precursor preperation

As an ytterbium precursor for the doping of InP with Yb3+ ions, ytterbium oleate is used. The
preparation of Yb(OA)3 proceeded as follows: in an Erlenmeyer flask, 0.42 g Yb(Ac)3·(H2O)4 (1.0
mmol) was weighted, 2 mL oleic acid and 8 mL ODE are were added. The mixture was brought under
vacuum using a Schlenk-line and heated to 80 ◦C while stirring. After 30 minutes, the temperature
was raised to 150 ◦C and reaction was allowed for 4 hours before cooling to room temperature. 10 mL
ODE was added to decrease the viscosity yielding a 0.05 M Yb(OA)3 solution.

Growth doping

The general approach for the growth doping of InP was as follows: under inert conditions in a glove-
box, 3 mL OLAM and 9 mL ODE were added to a vial, together with a volume equivalent of 100
nmol InP quantum dots in toluene solution. The mixture was heated to 265 ◦C while stirring. The
mixture was kept at this temperature for at least 30 minutes to allow the evaporation of toluene.
After the toluene had evaporated, a volume of 0.05 M Yb(OA)3 in ODE corresponding with a varying
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Yb:QD ratio (see appendix B) was added in a slow drop-wise manner. The reaction was allowed for
30 minutes.

Encapsulation

After the Yb precursor reaction step, in several cases, encapsulation proceeded with either a S precursor
or a P precursor. Using a S precursor, the mixture was cooled to 200 ◦C and a 340 µL volume of
S precursor DDT (1.42 mmol) was slowly added in a drop-wise fashion. Reaction was then allowed
for 2 hours before cooling to room temperature. Using a P precursor, the mixture was cooled to 190
◦C and 150 µL of a 0.1 M solution of either P(DMA)3 or P(TMS)3 was added in a slow drop-wise
manner. Reaction was allowed for 1 hour before cooling. In some experiments, the encapsulation
step was forgone and the samples were cooled to room temperature 30 minutes after addition of the
ytterbium precursor. After cooling, the particles were sedimented by addition of MeOH and BuOH,
centrifuged, and redispersed in 4 mL toluene.

3.2.5 ZnS shell growth via Song method

After some doping syntheses, ZnS shells were grown over doped InP quantum dots, according to
a procedure based on the protocol described by Song et al. [36]. The shell growth proceeded by
introducing 2 mL InP:Yb3+ quantum dots in toluene (corresponding with 50 nmol of the quantum
dots before doping) together with 3 mL OLAM and 9 mL ODE into a vial under inert conditions in
a glove-box. The mixtures were heated to 205 ◦C while stirring and kept at this temperature for at
least 30 minutes to allow the toluene to evaporate. 13.5 mg ZnCl2 (0.1 mmol) and 165 µL DDT (6.9
mmol) were added in succession. Reaction of the shell precursors is allowed for 2 hours before cooling
the mixture to room temperature. After cooling, the particles were sedimented by addition of MeOH
and BuOH, centrifuged, and redispersed in toluene.

3.2.6 Rapid ZnS shell growth

As an alternative method to grow ZnS shells around doped InP quantum dots, a more reactive S
precursor is used in combination with a shorter reaction time. In a glove-box, under inert conditions,
6.75 mL ODE, 2.25 mL OLAM and a volume of In(Zn)P:Yb3+ quantum dots in toluene corresponding
with a pre-doping amount of 75 nmol quantum dots were added to a vial. Several reaction temperatures
were tested, as displayed in appendix C. In a typical shelling procedure, the mixture was heated to
210 ◦C while stirring and kept at the elevated temperature for at least 30 minutes to allow the toluene
to evaporate. After the toluene had evaporated, a 0.1 M S(TMS)2 solution in ODE is added slowly
and in a drop-wise manner in a volume corresponding with one, two, three or four mono-layers of
ZnS per quantum dot, as calculated using the ZnS lattice parameters provided by Hotje et al. [61].
A few minutes after addition of the S precursor solution, a 0.1 M Zn(OA)2 solution is added in the
same volume in a slow drop-wise manner. Reaction is allowed for 20 minutes before cooling to room
temperature and washing with MeOH and BuOH, centrifugation and redispersion in toluene.

3.2.7 Se based shells

In some cases, InP particles doped with Yb3+ ions were overgrown both with ZnSe and CdSe shells.
ZnSe shell growth proceeded by adding 6.75 mL ODE, 2.25 mL OLAM and 0.75 mL InP:Yb3+ quantum
dots in toluene to a vial under inert conditions in a glove-box (the amount of quantum dots corresponds
with ca. 37.5 nmol quantum dots pre-doping). The mixture was heated to 240 ◦C while stirring and
toluene was allowed to evaporate for at least 30 minutes. After toluene had evaporated, a 0.1 M
Se dispersion in ODE is added slowly and drop-wise in a volume corresponding with either one or
two mono-layers of ZnSe, as calculated using the ZnSe lattice parameters described by Hotje et al.
[61]. A few minutes after addition of the Se precursor dispersion, an equal volume of Zn(OA)2 was
added in the same drop-wise manner. Reaction was allowed for 30 minutes before cooling to room
temperature and washing by addition of MeOH and BuOH, centrifugation and redispersion in 3 mL
toluene. Deposition of CdSe shells proceeded in exactly the same fashion, with the exception that
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instead of a Zn precursor, Cd(OA)3 is used and to calculate the volumes needed for one and two
monolayers of CdSe, CdSe lattice parameters were used as described in the same publication by Hotje
et al. [61].

3.2.8 Doping via Reiss method

A procedure to synthesize Eu3+ doped In(Zn)P/ZnS core/shell particles developed by Reiss et al.
[34] is adapted to use a hot injection approach for the synthesis of the cores and an Yb-precursor for
dopant incorporation.

As an In precursor for the In(Zn)P cores, In(MA)3 was used. A 0.1 M In(MA)3 precursor was
prepared by weighting 584 mg In(Ac)3 (2 mmol) and 1370 mg myristic acid (6 mmol) in an erlenmeyer
flask. 20 mL ODE was added and the mixture was brought under vacuum using a Schlenk-line. The
mixture was heated to 120 ◦C while stirring and kept at this temperature for 5 hours.

In(Zn)P core particles were synthesized using a hot injection method. Under inert conditions in a
glove-box, to a 3-neck roundbottom flask fitted with a vigreux column 1 mL 0.1 M In(MA)3 solution,
126 mg Zn stearate (0.2 mmol) and 7 mL ODE was added. The mixture was heated to 200 ◦C while
stirring. After reaching 200 ◦C, a mixture of 1 mL ODE and 15 µL P(TMS)3 was rapidly injected.
After injection, the temperature of the mixture is kept at 190 ◦C for 10 minutes. The mixture was
then cooled to 80 ◦C. Dopant introduction then proceeded by adding 0.6 mL 0.05 M Yb(OA)3 in
ODE (prepared in the same manner as described in section 3.2.4) in a slow drop-wise manner. The
temperature was kept at 80 ◦C for 100 minutes before it was increased to 120 ◦C and kept there for
20 minutes. For the ZnS shell growth a mixture of Zn ans S precursors is prepared by adding 1 mL
0.1 M Zn(OA)3 in ODE and 1 mL 0.1 M S(TMS)2 in ODE to 2 mL ODE and stirring at 80 ◦C. This
mixture was slowly added to the reaction mixture over 20 minutes after the doping step. The reaction
mixture was then kept at 120 ◦C for 20 minutes and before being cooled to room temperature. The
mixture was washed by addition of 20 mL acetone, centrifugation, and redispersion in 2 mL toluene.

3.2.9 Characterization

TEM was performed using a FEI Tecnai microscope operating at 120 kV. Absorption spectra were
recorded with a Perkin Elmer Lambda 950 UV/VIS/NIR spectrophotometer. Emission and excitation
spectra were recorded with an Edinburgh Instruments FLS 920 spectrofluorometer with a 450 W
Xe lamp for excitation. Emission was detected using a Hamamatsu R928 photomultiplier tube for
detection in the visible region and a nitrogen cooled R5509-72 photomultiplier tube for detection
in the infrared region. Lifetimes were measured using the same detector as the emission after pulsed
excitation using an Optical Parametric Oscilator (OPO) lasing system. Samples for spectroscopy were
prepared by diluting a purified reaction mixture with toluene and were measured in quartz cuvettes.
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3.3 Results and discussion
Yb3+ doped InP quantum dots were synthesized using a growth doping approach. The procedure to
synthesize the particles is comprised of three steps: synthesis of an InP quantum dot core, attachment
of the dopant ions to the quantum dot surface, and the overgrowth of a shell material over the dots
to encapsulate the dopant ions. In this section the results of several different synthetic approaches to
these steps are presented and discussed.

3.3.1 InP cores

As a first step to create InP:Yb3+ quantum dots, InP quantum dots were synthesized. The protocol
chosen for the synthesis is an adaptation of the hot injection method described in the work of Song
and co-workers [36] and a detailed description of the synthetic method is given in section 3.2.2. In the
initial experiments, zinc has not been used as the existence of Zn2+ ions at the quantum dot surface
was postulated to inhibit the adsorption of Yb3+ due to the repelling positive charges of both cations.

The obtained InP semiconductor nanocrystal dispersions were typically orange to red in color and
did not emit light upon UV-lamp excitation, an early indication of the poor expected optical properties
of bare InP QDs caused by non-radiative exciton recombination at surface states.

The dots were subjected to spectroscopic investigation. Of the quantum dot dispersion, both
absorption of light over the visible range and emission upon QD core excitation were measured.
Figure 3.1 shows a typical absorption spectrum of a dispersion of InP QDs in toluene. An increasing
absorbance from 650 nm to 300 nm with a shoulder around 550 nm can be observed, corresponding
with the observed orange to red color. In the quantum dot electronic structure, as explained in
section 3.2.2, discrete energy levels are expected above and below the valance and conduction bands
respectively. These discrete energy levels are expected to correspond with discrete absorption peaks
in a monodisperse QD dispersion. The absence of discrete peaks in the InP QD absorption spectrum
indicates a polydisperse sample with a broad QD size distribution. A possible explanation for this
degree of polydispersity is the relatively low reactivity of the precursors used during the hot-injection.
The low reactivity causes the nucleation event of the QD synthesis to take place over a longer time.
During this time, deposition of monomers onto the nuclei will take place as well, which has the result
that earlier formed nuclei grow into larger QDs and a larger size distribution in the QD sample is
obtained [35, 36].

Although the size distribution in the spectrum in figure 3.1 is broad, the lowest energy absorption
of the Sh → Se transition can still be observed in the form of the shoulder at 550 nm. Using this
absorption wave-length, the average size of the QDs and their concentration in the dispersion can be
estimated using an empirically derived fitting function derived by the group of Xie [62]. Furthermore,
an estimate of the QD concentration in the sample can be made using the absorbance at 344.4 nm
and the optical properties of InP [63]. The InP quantum dot sizes and concentrations calculated
in this manner were used to determine the right amounts of InP quantum dots during the doping
experiments.

The bare InP QDs did not display light emission upon excitation at 400 nm. The lack of emission
is most likely caused by trap states created by the dangling bonds of the unbound phosphor atoms
at the QD surface. These surface traps capture the excited electron promoted by the absorbed light
causing it to decay non-radiatively via multiple trap states in the manner explained in section 2.6.3
(process 3).

Another commonly used technique to analyse QDs is transmission electron microscopy (TEM).
Figure 3.2 displays a typical TEM image of InP quantum dots. As can be seen, the contrast of the
QDs with respect to the background is extremely low. The low contrast is due to high amount of
electrons transmitted by the InP QDs. The quantum dots in the TEM images were deemed too poorly
defined for a reliable size analysis.
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Figure 3.1: Typical absorption spectrum recorded from a dispersion of bare InP quantum dots in toluene.
Absorbance increases towards the UV and a shoulder corresponding with the Sh → Se transition is identified
around 550 nm. The poorly defined absorption shoulder suggests a broad quantum dot size distribution.

Figure 3.2: Typical TEM image of an InP QD sample. The contrast of the dots with respect to the background
is very low.

3.3.2 Post-synthetic heating of InP cores

Figure 3.3 displays the absorption spectra of InP QDs before (blue) and after (red) being heated to
. After the heating treatment, the absorption shoulder appears significantly more defined and shifted
slightly to the red. A possible explanation for this observation is that after the hot-injection synthesis,
the InP QDs have In and P material attached to their surface that is not completely incorporated into
the crystal lattice. Heating these dots causes the surface to become more crystalline and as a result,
their optical properties increase in a process known as surface reconstruction [40].

Figure 3.3 also shows an emission spectrum (green) obtained after excitation with a 400 nm light
source. The spectrum displays two main features: a peak at 600 nm that overlaps with a broader band
around 750 nm. The peak at 600 nm is assumed to be the band edge emission of the quantum dots
that was not observed before the heating of the sample. The rise of this peak is also explained by the
increased crystallinity of the QD surface. Incorporation of surface atoms into the InP crystal lattice
decreases the number of dangling bonds and as a result, the number of surface traps is decreased as
well. This has the effect that a decreased number of trap states exists inside the band gap, decreasing
the rate of non-radiative decay. The broader band around 750 nm is likely the radiative decay of
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electrons at trap states close to the QD valence bands [35].

Figure 3.3: Displayed are the absorption spectrum of InP QDs before heating (blue) as well as the absorption
(red) and emission (green) spectra of InP QDs after heating at 240 ◦C for 1.5 hours. After heating, the band
edge absorption shoulder appears more well defined and shifted to the red. Excitation at 400 nm shows a band
gap emission peak at 650 nm and trap state emission around 750 nm.

3.3.3 Growth doping InP quantum dots

The synthesized InP QDs were used as cores in growth doping experiments. The procedure to dope
these cores was based on a protocol developed by Geitenbeek and Martín-Rodríguez [33]. As described
in more detail in section 3.2.4, the cores were heated to 265 ◦C before a Yb(OA)3 solution was added
in a slow drop-wise manner. The incorporation of the dopant was allowed for 30 minutes before the
reaction mixture was cooled to 200 ◦C, DDT was added to encapsulate the QDs with sulfur and its
deposition was allowed for 2 hours before cooling and washing. On the resulting particles, absorption
and emission spectroscopy were performed.

Representative absorption spectra obtained from both bare InP QDs (blue), undoped InP QDs
encapsulated with DDT (red) and doped dots encapsulated with DDT (green) are compared in figure
3.4. Comparison of these spectra reveals a red-shift and better definition of the lowest energy absorp-
tion shoulder of InP QDs after reaction with DDT, an indication that S is successfully deposited onto
the dots: the red-shift is caused by the leaking of the exciton wave-function into the S-shell material,
decreasing its quantum confinement. The absorption shoulder of the sample of InP on which the
doping procedure is applied displays an even further shift towards the red. This may be caused by a
further increase in QD size by deposition of the dopant followed by S-shell overgrowth, decreasing the
confinement of the exciton wave-function.

Figure 3.4: Comparative absorption spectra of bare InP QDs (blue), undoped InP QDs encapsulated with
DDT (red) and doped dots encapsulated with DDT (green). A red-shift is observed after S-shell growth, possibly
caused by leaking of the wave-function into the shell. The doped dots have their absorption shoulder shifted
even further to the red, possibly due to the increase in QD size.
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Figure 3.5: Spectra displaying emission of undoped (blue) and Yb3+ doped (red) InP/S QDs in the visible
(left) and the IR (right) region. Spectra in the visible region display band-edge and trap state emission that is
quenched and red-shifted upon application of the doping procedure. In the right spectra, a sloping baseline of
trap emission is displayed and in the doped sample, Yb3+ emission can be seen at 975, corresponding with the
2F5/2 → 2F7/2 transition. All spectra were obtained after excitation at 400 nm.

Emission of the doped dots has been measured as well, both in the visible and the IR region. The
visible emission of both undoped (blue) and doped (red) InP/S QDs upon excitation by a 400 nm light
source is comparatively displayed in figure 3.5 (left). The spectra display a small peak at 460 nm,
likely caused by Raman scattering of the toluene solvent (visible region emission spectra recorded on
the same sample exciting at different wavelengths showed a corresponding shift in this peaks position).
Upon growth of a S-shell around the InP dots, radiative decay after light absorption can be observed:
the blue spectrum displays a peak at 590 nm, attributed to band-edge emission of the dots, and a
broader peak around 720 nm, attributed to emission from trap states close to the QD conduction band.
The rise of the visible band edge emission is an indication that the dangling bonds on the InP surface
have at least been partially passivated by the S-shell grown with DDT. The red spectrum displaying
the visible emission of the doped dots shows similar peaks to the undoped sample, except that the
band edge emission peak is largely quenched. This may be an early indication of energy transfer to
the ytterbium dopant. Another explanation for the decrease in emission is the possible formation
of trap-states caused by crystal defects generated by the dopant ions. The spectrum of the doped
sample has its excitonic emission peak shifted to the red, just like the band edge absorption, a further
indication of larger QDs. The right spectrum in figure 3.5 displays emission in the near infra-red
of both undoped and doped samples. The region of interest is between 950 and 1050 nm, since the
Yb3+ 2F5/2 → 2F7/2 transition is expected to correspond with emission at 105 cm-1 or 1000 nm, as
predicted by the Dieke diagram (figure 2.8). Comparing the spectra, a peak at 975 nm is identified in
the doped sample. Although small, this peak may be attributed to the Yb3+ F5/2 → 2F7/2 transition
upon excitation of the InP QD at 400 nm, providing a promising indication of successful coupling of
the trivalent lanthanide ion to the InP core. Besides the Yb3+ emission, a sloping baseline of what is
presumed to be trap emission is displayed in both spectra as well.)

3.3.4 Finding the optimal Yb3+ concentration

Experimenting with the growth doping procedure provided evidence of successful coupling of Yb3+

ions to InP cores by showing emission at 975 nm upon QD excitation at 400 nm. The intensity of
this emission was still very low. To investigate whether the intensity of the Yb3+ emission could be
improved, a series of experiments was performed to optimize the Yb3+ incorporation into the dots by
varying the Yb3+ to QD ratio in the doping experiments over a wide range.

Of the resulting samples, the emission in the IR was measured upon excitation at 400 nm. These
spectra are displayed in figure 3.6. The peak intensity at 975 nm is compared with respect to the
trap emission of samples made with a 120:1 (blue), 240:1 (red), 360:1 (green), 480:1 (black), and
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720:1 (pink) Yb:QD ratio. When the amount of Yb used is increased to 360 atoms per dot, the peak
increases. Beyond the 360:1 ratio, the intensity appears to drop again, suggesting that 360:1 is the
optimal Yb:QD ratio.

Figure 3.6: Comparative emission spectra of Yb3+ doped InP/S QDs prepared with a 120:1 (blue), 240:1
(red), 360:1 (green), 480:1 (black), and 720:1 (pink) Yb:QD ratio in the IR upon excitation at 400 nm. The
spectra are vertically offset for clearer presentation. The emission peak at 975 nm appears highest with respect
to the trap emission when the 360:1 ratio is used.

3.3.5 Further spectroscopy on InP:Yb3+/S quantum dots

Emission at 975 nm upon excitation at 400 nm provided an early indication of energy transfer from
InP QDs to Yb3+ ions. To further investigate the origin of the emission peak at 975 nm, an excitation
spectrum is collected of a InP QD sample that has been doped with Yb3+. Emission at 975 nm
is measured over the excitation range from 400 to 750 nm. The excitation spectra are displayed in
figure 3.7 (red). An absorption spectrum collected from this same sample is shown as well (blue) for
comparison. The features of the excitation spectrum compare well with the electronic features of the
InP quantum dot. A gradual increase of emission towards excitation in the UV is observed, as well as
a shoulder at 560 nm similar to the one observed in the absorption spectrum. The similarity of the
excitation spectrum to the absorption spectrum of the quantum dot suggests energy transfer of the InP
QDs upon QD absorption to the Yb3+ dopant ions, followed by Yb3+ emission. A possible other origin
of the QD excitonic features may be the trap state emission observed upon QD excitation (displayed
in figure 3.5 (right)). The Yb3+ emission overlaps with the broad peak of trap state emission and the
origin of the excitation spectrum can be either of the two.

To investigate the chemical environment of the Yb3+ dopant ions, fluorescence lifetime of the 2F5/2
excited state is measured by excitation with a pulsed laser followed by time-resolved measurement of
emission at 975 nm in a Yb3+ doped InP QD. The obtained decay curve is plotted and displayed
in figure 3.8. The expected lifetime of the lanthanide excited state is expected to be on the order
of milliseconds due to the f-f transitions being parity forbidden and its decay curve is expected to
be mono-exponential. The obtained decay curve shows multi-exponential decay on a significantly
shorter time-scale. The shortening of the lifetime can be explained by the coupling of the Yb3+ ions
to vibrations of the ligands and molecules in the solution, resulting in multi-phonon relaxation as
explained in section 2.6. This indicates that the Yb3+ ions reside merely at the InP quantum dot
surface, instead of being incorporated into the crystal lattice.

3.3.6 ZnS shells grown via Song method

Spectroscopy performed on the Yb3+ doped InP QDs indicates successful coupling of the dopant ions
to the InP cores and the possibility of energy transfer from dot to dopant, but Yb3+ emission upon
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Figure 3.7: Displayed is the absorption spectrum obtained from an InP QD sample to which the Yb3+ doping
procedure is applied followed by S overgrowth by reaction with DDT (blue), as well as the excitation spectrum
obtained from the same sample by measuring emission at 975 nm while varying the excitation wavelength. Both
spectra display the InP QD excitonic features, with the Sh → Se transition shoulder identified at 560 nm. The
overlapping spectra suggest the possibility of energy transfer to Yb3+ upon InP QD absorption, resulting in
Yb3+ emission.

Figure 3.8: Decay curve obtained from an InP QD sample to which the Yb3+ doping procedure is applied
followed by S overgrowth by reaction with DDT. Lifetime of the Yb3+ emission at 975 nm upon excitation with
a pulsed laser at 560 nm is measured. The lifetime is on a very short timescale for a lanthanide f-f transition,
possibly due to multi-phonon relaxation of the 2F5/2 excited state. The multi-exponential nature of the decay
curve can be explained by the overlap of the Yb3+ emission peak with the emission of InP QD trap states,
which decay on different timescales.

QD excitation has a low intensity and QD trap state emission is observed as well. Furthermore, the
measured lifetime of the Yb3+ excited state is on a very short timescale, indicating multi-phonon
relaxation by coupling to ligand and solvent vibrations, suggesting that the dopant ions merely exist
at the InP QD surface, without being incorporated into its crystal lattice.

These problems may be overcome by application of a ZnS type-I shell. The shell is deposited by
reaction of ZnCl2 with DDT at 200 ◦C for 4 hours in a procedure based on the method described by
Song et al. [36].

The doped and shelled InP particles were analyzed with emission spectroscopy. In figure 3.9,
typical visible (left) and IR (right) emission spectra obtained from the samples before (blue) and after
(red) shell growth upon excitation at 400 nm are displayed. The main observation in the visible region
is the rise of a broad band at 610 nm, likely caused by band edge emission of the quantum dots. The
application of the type-I ZnS shell is assumed to passivate the dangling bonds on the QD surface,
decreasing the number of trap states in the band gap and increasing the probability of radiative decay.
Trap state emission is still observed in the form of a broad band from 700 nm and up, indicating that
not all trap states have been passivated in the shell growth procedure. Comparing the IR emission
spectra taken before and after shell growth reveals a quenching of the emission peak at 975 nm upon
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Figure 3.9: Emission spectra of InP:Yb3+/S particles before (blue) and after (red) overgrowth with a ZnS via
the Song method. Emission upon excitation at 400 nm is measured both in the visible (left) and the IR (right)
region. Upon shell growth, the rise of peak at 610 is observed, presumably due to partial passivation of trap
states at the InP QD surface resulting in a higher probability of band edge radiative decay. Both samples display
trap state emission around 700 nm. Comparing the emission of the samples in the IR reveals the quenching of
the Yb3+ emission peak at 975 nm.

application of a ZnS shell. Encapsulation of the surface-resident Yb3+ is expected to increase their
emission intensity by shielding the ions from the vibrations of the organic molecules in the solution,
thereby decreasing the probability of multi-phonon relaxation. The decrease in Yb3+ emission upon
ZnS shell growth can be explained by the self-purification of the quantum dots: the doping procedure
was performed at elevated temperatures for an extended time. These reaction conditions may have
allowed the semiconductor crystal lattice to decrease its energy by ejecting the impurity ions. As a
result, InP/ZnS QDs were formed and the Yb3+ ions were ejected to the ZnS shell surface or even
into solution.

3.3.7 Doping InP without DDT encapsulation

Experimenting with the deposition of a ZnS shell onto the doped dots revealed the possibility of
quantum dot self-purification, resulting in ejection of the Yb3+ ions, a process that may also be
allowed during the deposition of S by reaction with DDT, the final step in the optimized doping
procedure. To investigate whether the dopant emission may in fact be amplified by forgoing the
reaction step where S is deposited, the previously optimized doping procedure is applied to a new
batch of InP QD cores, both with and without the reaction step with DDT. On the resulting samples,
emission spectroscopy is performed.

Figure 3.11 shows the emission in the visible region (left) upon excitation at 400 nm and in the
IR (right) upon excitation at 355 nm of both Yb3+ doped InP encapsulated with DDT (blue) and
without encapsulation (red). Emission of both samples in the visible region appears similar: both
display a broad peak of trap emission and a lack of band edge emission. Comparing the emission in
the IR shows that the peak at 975 nm in the samples that were encapsulated with DDT is diminished
compared to the peak measured in the sample that was not encapsulated. These spectra suggest that
treatment of the samples with DDT does not encapsulate the Yb3+ ions with a S shell. Instead,
stronger Yb3+ emission is observed where no S layer is deposited after the doping step, suggesting
that the DDT may be responsible for the decoupling of the dopant ions from the InP QD core surface.

3.3.8 The effect of washing doped dots

The low intensity of the measured Yb3+ emission peaks, in combination with their short excited state
life times and the negative effect of shell-growth suggested that the dopant ions existed merely on the
QD surface or even still in solution. To investigate whether the Yb3+ ions are weakly bound to the InP
QD surface or dissolved in the toluene solvent of the sample, the doped dots were subjected to several
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Figure 3.10: Emission spectra of InP:Yb3+ particles with (blue) and without (red) deposition of a S layer
by DDT. Emission upon excitation at 400 nm is measured in the visible region (left) and at 355 nm in the IR
region (right). The visible region displays a broad band of radiative decay from trap states in both samples. In
the IR region, emission of the Yb3+ dopant is observed in both samples. This emission appears amplified with
respect to trap state emission in the sample without DDT encapsulation.

additional washing steps and their optical properties were measured after each step. The washing
proceeded by sedimentation of the QDs by MeOH antisolvent addition followed by centrifugation, and
redispersion of the sediment in toluene. The washing step was repeated one, two, and three times. Of
the washed samples, emission spectra in both the visible and IR region were measured upon quantum
dot excitation.

The obtained spectra are displayed in figure 3.11. Emission is measured in the visible region (left)
and the IR region (right) upon excitation at 355 nm of samples washed two (blue), three (red) and
four (green) times. The small peaks displayed in the visible region are likely the result of scattering
effects in the toluene solution. The broad peaks at 400 and 450 most clearly displayed in the sample
that has been washed two times are assumed to be the result of emission of OLAM upon excitation
at 355 nm (see appendix). These peaks are diminished when the sample is washed, suggesting the
removal of OLAM ligands during the washing steps.

The IR region shows no distinct difference between the Yb3+ emission peaks at 975 nm. The
similar emission peaks after several washing steps give an indication that the dopant ions are strongly
bound to the InP QD surface instead of dissolved in the toluene solvent.

3.3.9 Encapsulation with a phosphor shell

Encapsulation of the Yb3+ atoms at the quantum dot surface with a S shell by reaction with DDT
proved to be unsuccessful. The effect of the deposition of a phosphor shell onto doped dots is in-
vestigated to see if the trivalent P atoms can successfully overcoat the dopant ions. Two different P
precursors are studied: the highly reactive P(TMS)3 and the less reactive P(DMA)3. The particles
investigated were prepared via the previously optimized doping procedure, followed by reaction with
one of the P precursor at 200 ◦C. The resulting particles were subjected to optical spectroscopy.

Figure 3.12 displays typical emission spectra in the visible region upon excitation at 400 nm (left)
and in the IR region upon excitation at 355 nm, obtained from Yb3+ doped InP QDs overcoated with
a layer of P by reaction with P(TMS)3 (blue) and P(DMA)3 (red).

Band edge emission and trap state emission are observed in both spectra in the visible region.
The spectrum obtained from the sample where P(TMS)3 is used has its visible emission peaks shifted
slightly to the red, possibly the result of a larger QD due to the higher reactivity of the used P
precursor, depositing more P onto the QD surface.

The emission spectra obtained in the infrared indicate that application of a P shell does not result
in a notable increase in Yb3+ emission upon QD excitation. Trap state emission in the IR region
appears higher in the sample where P(TMS)3, possibly also due to the red-shift of the trap state
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Figure 3.11: Emission spectra in the visible (left) and IR (right) region obtained upon excitation at 355 nm
of InP:Yb3+ particles washed two (blue) three (red) and four (green) times. The spectra in the visible region
display a multitude of small peaks associated with scattering effects in the toluene solvent. The broader peaks
at 400 and 450 nm associated with OLAM emission reduce in intensity with each extra washing step, suggesting
the stripping of OLAM ligands. Spectra in the IR region are very similar, indicating that the washing steps do
not effect the Yb3+ ions because they are strongly bound to the InP QD surface.

emission due to increased QD size. Experiments with a P encapsulant do not provide convincing
evidence of Yb3+ encapsulation.

3.3.10 Encapsulation with Se based shells

The work of Geitenbeek and Martín-Rodríguez [33] demonstrated the encapsulation of Yb3+ dopant
ions on a CdSe QD core surface by overgrowth of selenium, so as an alternative to sulfur and phos-
phor based shells, the effect of shell growth over InP:Yb3+ QDs using selenium based materials is
investigated as well. Yb3+ doped InP QDs were overgrown with ZnSe and CdSe shells via the SILAR
method, depositing up to two mono-layers of the shell material onto the dots. The resulting particles
were analyzed using absorption and emission spectroscopy.

Figure 3.13 (left) displays the absorption spectra of InP:Yb3+ particles without shell (blue) and
overcoated with one mono-layer (red) and two mono-layers (green) of a ZnSe shell. Upon shell-
growth, a small blue-shift in the first absorption shoulder is observed. A possible explanation for this
shift towards higher energies is the effective decrease in InP core size by either etching by the shell
precursors or alloying with the shell material. The absorption shoulder becomes less well defined when
more mono-layers of ZnSe are deposited, which may be the result of inhomogeneous shell deposition,
resulting in particles with varying shell-thicknesses that confine the excitons to varying degrees.

In figure 3.14 the emission spectra collected from InP:Yb3+ samples without shell growth (blue)
and deposited with one mono-layer ZnSe (red) and with two mono-layers (green). Emission spectra
were obtained in both the visible region (left) and the IR region (right) upon excitation at 355 nm.
The emission spectra in the visible region display an increase in band edge emission as well as trap
state emission when a mono-layer of ZnSe is deposited and a further increase when the second mono-
layer is grown. This may indicate the passivation of trap states at the QD surface by the type-I
shell material. The passivation results in a decrease in the probability of non-radiative decay and
an increase in QD emission. Trap state emission is still observed, indicating the existence of either
surface traps that were not passivated or trap states related to crystal defects, originating from the
dopants or the lattice mismatch between InP and ZnSe. The band edge emission of the QDs in the
samples shift towards higher energies when more ZnSe is deposited. This can, in the same manner
as the blue-shift in the first absorption shoulder, be explained by the effective decrease in InP core
radius, either by etching or alloying. The IR region displays the Yb3+ emission at 975 nm upon QD
excitation in every sample, as well as a broad band of trap state emission. When the ZnSe shell is
grown, the intensity of the trap state emission increases with each additional layer, in the same way
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Figure 3.12: Emission spectra obtained from Yb3+ doped InP QDs encapsulated with P by reaction with
P(TMS)3 (blue) and P(DMA)3 (red). Spectra in the visible region (left) obtained after excitation at 400 nm
and in the IR (right) by excitation at 355 nm. Both spectra in the visible region display band edge emission as
well as trap state emission. The visible emission of the blue spectrum is shifted slightly to the right as a result
of the increased QD size due to the higher reactivity of P(TMS)3. The IR region does not reveal a significantly
increased Yb3+ emission peak upon P shell deposition. The spectrum obtained from the sample made with
P(TMS)3 displays a lower Yb3+ emission peak with respect to the trap state emission due to the red-shift of
the trap state emission compared to the sample made with P(DMA)3.

that was observed in the visible region. The dopant emission intensity appears to decrease, especially
after the deposition of two mono-layers of shell material. This may be the result of the removal of
the Yb3+ ions from the InP surface by the ZnSe shell material. The spectra do not provide evidence
of the successful encapsulation of the dopant ions by ZnSe overgrowth as the Yb3+ peak stays at the
same position.

The absorption spectra of the InP:Yb3+ samples that were coated with a CdSe shell are displayed
in figure 3.13 (right). Shown are the absorption of InP:Yb3+ QDs with no shell grown (blue), with
one mono-layer of CdSe grown (red) and with two mono-layers of CdSe grown (green). Comparing
the spectra, a shift in the first absorption shoulder of the quantum dots towards lower energies can be
seen upon deposition of a mono-layer of CdSe and a further shift upon the deposition of the second
mono-layer. The shift is explained by the CdSe being a type I1/2 shell, confining the hole generated
by electron excitation, but not the electron. Adding additional layers of CdSe shell material to the
dots then leads to a decrease in quantum confinement and a red-shift in the first absorption shoulder.

The spectra in figure 3.15 display the emission of InP:Yb3+ (blue) and of these dots overgrown with
one mono-layer CdSe (red) and two mono-layers CdSe (green) upon excitation at 355 nm. Emission
spectra are obtained in the visible region (left) and the IR (right). In the visible region, upon the
deposition of each extra mono-layer of CdSe, band edge emission intensity appears to decrease. The
same trend is observed the infrared spectrum for the Yb3+ emission. An explanation for this loss of
optical properties may be the lattice mismatch between the InP and the CdSe shell material, creating
trap states at the interface. Growing CdSe shells on doped InP quantum dots proves to be detrimental
for the Yb3+ dopant emission.

3.3.11 In(Zn)P cores

The introduction of zinc during the hot injection synthesis of InP quantum dots has been reported to
increase the optical properties of the resulting particles compared to InP QDs synthesized without zinc.
The Yb3+ doping procedure that has been investigated thus far displayed broad bands of trap state
emission, attributed to the radiative recombination of generated excitons at surface states created by
dangling bonds. The existence of these trap states is assumed to have a quenching effect on both the
quantum dot band edge emission as well as the Yb3+ dopant emission since they create competitive
relaxation pathways. To see if the optical properties of the doped dots can be increased by passivating
the trap states by the addition of zinc in the QD core synthesis, the previously optimized doping
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Figure 3.13: (Left) Absorption spectra obtained from InP:Yb3+ quantum dots (blue) overgrown with one
monolayer ZnSe (red) and with two monolayers ZnSe (green). Upon overgrowth with ZnSe, a blue-shift in the
absorption shoulder is observed. This is possibly due to etching of the QD by the Se. (Right) Absorption
spectra obtained from InP:Yb3+ quantum dots (blue) overgrown with one monolayer CdSe (red) and with two
monolayers CdSe (green). When CdSe is overgrown, a red-shift is observed in the QD absorption shoulder.
This can be explained by the decreased confinement of the exciton due to the type I1/2 character of the CdSe
shell material.

Figure 3.14: Emission spectra in the visible (left) and IR (right) region obtained upon excitation at 355 nm
of InP:Yb3+ particles (blue) overgrown with one monolayer ZnSe (red) and with two monolayers ZnSe (green).
The spectra in the visible region display an increase in band edge emission intensity with each applied monolayer
of shell material, indication of the passivation of QD surface traps. The IR region displays a decrease in Yb3+

emission with each applied monolayer, indicating that the dopants are decoupled from the InP QD surface
during the shell growth procedure.
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Figure 3.15: Emission spectra in the visible (left) and IR (right) region obtained upon excitation at 355 nm
of InP:Yb3+ particles (blue) overgrown with one monolayer CdSe (red) and with two monolayers CdSe (green).
The spectra in the visible region display a decrease in band edge emission intensity with each applied monolayer
of shell material and the IR region displays a decrease in Yb3+ emission with each applied monolayer as well,
suggesting that the deposition of CdSe onto the doped dots creates trap states that result in non-radiative
emission after quantum dot excitation.

procedure is applied to In(Zn)P QD cores.
In(Zn)P QD cores are synthesized in the same manner as the InP QDs, the only change in the

procedure is the presence of a 1:1 or 2:1 ZnCl2:InCl3 ratio in the mixture before the injection of the
P precursor. The resulting particles were analyzed using absorption spectroscopy.

Figure 3.16 displays the absorption spectra of particles created with Zn:In ratios 0:1 (blue), 1:1
(red) and 2:1 (green). The addition of zinc in the QD core synthesis is demonstrated by the first
absorption peak associated with the Sh → Se transition being significantly more well-defined in the
In(Zn)P absorption spectra, indicating a narrowing of the QD size distribution. Furthermore, a blue-
shift in the absorption shoulder is observed when Zn is used, which may indicate smaller QD sizes.
The blue-shift increases when more Zn is used in the synthesis. The observed effects can be explained
by the presence of zinc at the InP QD surface during the synthesis, stabilizing the surface and reducing
the size of the critical nuclei [36].

Figure 3.16: Absorption spectra obtained from In(Zn)P quantum dots synthesized with a 0:1 (blue), 1:1 (red)
and 2:1 (green) Zn:In ratio. Presence of zinc during the QD synthesis results in a blue-shift and better definition
of the Sh → Se absorption shoulder. The blue-shift increases when more zinc is used. The effects are explained
by the decrease of the quantum dot critical radius by stabilization of zinc at the surface during the synthesis.
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Figure 3.17: Emission spectra obtained from samples where the optimized doping procedure is applied to InP
cores (blue) and In(Zn)P cores (red). Emission spectra were collected in the visible region (left) upon excitation
at 400 nm and in the IR region (right) upon excitation at 355 nm. Both visible emission spectra display broad
trap state emission peaks. The spectra obtained in the IR display Yb3+ emission upon QD excitation. In the
In(Zn)P particles, the emission becomes more pronounced, a possible result of the passivation of trap states by
Zn.

3.3.12 Growth doping In(Zn)P

The effect of using In(Zn)P QDs as cores for the doping experiments is investigated by applying the
previously optimized growth doping procedure to In(Zn)P cores synthesized with a 1:1 Zn:In ratio. The
resulting particles were not encapsulated with a shell. On the obtained samples, emission, absorption,
and excitation spectroscopy is performed.

Figure 3.17 comparatively displays emission spectra obtained from samples where the optimized
doping procedure is applied to InP cores (blue) and In(Zn)P cores (red). Emission spectra were
collected in the visible region (left) upon excitation at 400 nm and in the IR region (right) upon
excitation at 355 nm.

The visible region displays a very broad emission band in the doped In(Zn)P sample. This band
is likely formed by the overlapping peaks of band edge emission at 600 nm and trap state emission
around 670 nm. The rise of radiative band edge decay in the In(Zn)P QD sample compared to the
InP sample may be an indication of the passivation of trap states by Zn residing at the InP surface.

Comparison of the IR emission reveals a strong amplification of the Yb3+ emission at 975 nm.
This increase in intensity can also be attributed to the passivation of trap states by Zn: a decrease
in relaxation pathways via trap states results in a higher probability of energy transfer to the dopant
ions, leading to higher dopant emission intensity.

The origin of the large peak at 975 nm is further investigated using excitation spectroscopy. Figure
3.18 displays the excitation spectrum taken at 975 nm (red). The excitation spectrum is compared to
the absorption of the same sample in same range (blue). Both spectra display the same absorption
shoulder at 540 nm, suggesting that energy transfer after absorption of the QD dot is responsible for
the Yb3+ emission. A difference that is observed in the spectra is the much lower intensity in the
range 300 to 400 in the excitation spectrum compared to the absorption spectrum. This difference
is explained by the absorption of QD ligands and other organic molecules. These absorb light in the
near UV but do not transfer the energy to the lanthanide dopants, resulting in a discrepancy between
the sample absorption spectrum and the Yb3+ excitation spectrum.

3.3.13 Rapid overgrowth of a ZnS-shell

To investigate whether the optical properties of the Yb3+ doped In(Zn)P quantum dots could be fur-
ther improved by application of a type-I shell, experiments were conducted overgrowing In(Zn)P:Yb3+

particles with ZnS shells. Reaction conditions are chosen to minimize the previously observed effect of
dopant lattice ejection by utilizing highly reactive Zn and S precursors in combination with the rela-
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Figure 3.18: Absorption (blue) and excitation (red) spectra obtained from a In(Zn)P QDs (1:1 Zn:In ratio)
doped with the optimized Yb3+ growth doping method. The excitation spectrum is recorded by measuring the
emission intensity at 975 nm upon excitation over the 300 to 750 nm range. The overlapping spectra suggest
energy transfer from the In(Zn)P QDs to the Yb3+ dopant ions upon QD absorption, resulting in dopant
emission.

tively low reaction time of 20 minutes per shell. ZnS shells were grown via the SILAR method reacting
Zn(OA)2 with S(TMS)2 at 210 ◦C. The resulting particles were studied with emission spectroscopy.

Figure 3.19 displays the emission spectra in the visible region (left) and the IR (right) of In(Zn)P:Yb3+

without a ZnS shell (blue), and overcoated with 1 ML ZnS (red), 2 ML ZnS (green), and 3 ML ZnS
(black). All spectra where obtained by measuring emission after excitation at 355 nm.

Comparing the emission spectra in the visible region, an increase in the quantum dot band edge
emission is observed in the samples where a monolayer of ZnS is grown. This increase in intensity
is attributed to the passivation of InP surface trap states. When the second monolayer is deposited,
a further increase in intensity is observed, indication further completion of the ZnS shell. Upon
deposition of the third monolayer, the band edge emission drops in intensity, which may indicate that
using this shell growth method, the precursor equivalent of two monolayers is optimal. All the spectra
obtained in the visible region from the particles upon which shells were grown display a single emission
peak, as opposed to the previously discussed visible emission spectra that displayed both a band edge
emission peak as well as a trap state emission peak. This is further evidence of successful ZnS shell
deposition.

In the IR region, the characteristic Yb3+ emission peak is observed at 975 nm. When the monolay-
ers of ZnS shell material are deposited, the Yb3+ emission decreases in intensity with each successive
monolayer. The explanation for this decrease in intensity is possibly the effect of lattice ejection,
removing the dopant atoms from the quantum dot surface. This means that the shorter reaction time
used in combination with a more highly reactive S precursor proved to be ineffective to successfully
encapsulate the Yb3+ ions.

Conclusions

Several different shelling methods have been investigated in this research project to encapsulate Yb3+

ions resident on InP and In(Zn)P quantum dots, utilizing dierent materials and varying reaction
conditions. The convincing evidence of encapsulation remains absent in the (time-resolved) emission
spectra, as Yb3+ emission does not increase in intensity or shift towards a lower energy as previously
reported [33]. An explanation for the unsuccessful overgrowth over the dopant ions in InP is the
covalent nature of its crystal lattice that combined with the four-fold coördination of the cations does
not allow for favorable incorporation of trivalent lanthanide ions that prefer a six-fold coördination.

3.3.14 Doping via Reiss method

Reiss and coworkers have reported the successful incorporation of Eu3+ ions into In(Zn)P/ZnS quan-
tum dots [34]. The synthesis described in their publication involves a three-step, one-pot doping-
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Figure 3.19: Obtained emission spectra in the visible region (left) and the IR (right) of In(Zn)P:Yb3+ without
a ZnS shell (blue), and overcoated with 1 ML ZnS (red), 2 ML ZnS (green), and 3 ML ZnS (black) using a
highly reactive S precursor at short reaction times. All spectra where obtained by measuring emission after
excitation at 355 nm. Upon deposition of a ZnS-shell, the band edge emission of the quantum dots increases.
The infrared region displays the Yb3+ emission peak at 975 nm, which decreases in intensity with each ZnS
monolayer deposited.

strategy: As a first step, In(Zn)P are grown by heating up a solution of In, Zn, and P precursors with
a In:Zn:P ratio of 1:2:0.5. Secondly a Eu-oleate precursor solution is added (in a 1:0.3 In:Eu ratio) in
a slow dropwise manner. The third and final step is the overgrowth of a ZnS shell by slow addition of
a mixture of Zn(OA)2 and S(TMS)2.

As an alternative to the growth doping strategy previously discussed in this section, the doping
strategy described by the group of Reiss is adapted to utilize an Yb precursor instead of a Eu precursor
in order to incorporate Yb3+ ions into In(Zn)P/ZnS quantum dots. Another change to the original
synthesis is the use of a hot-injection approach to synthesize In(Zn)P QD cores, instead of the original
method of heating up a mixture of precursors. The hot-injection method is chosen since it was deemed
more feasible with the available lab-equipment. The three-step one-pot approach that was eventually
used is described in section. The resulting particles were analyzed using absorption and emission
spectroscopy.

The obtained absorption spectrum (blue) and emission spectra (red) in the visible region (left)
and the IR region (right) are displayed in figure 3.20. Emission spectra were obtained after excitation
at 355 nm.

The QD absorption shoulder is well defined and the band edge emission peak at 540 nm is relatively
symmetrical, indications of high quality In(Zn)P/ZnS quantum dots with well passivated surface trap
states due to successful ZnS shell growth. Upon QD excitation at 355 nm, emission in the IR region
was measured, since Yb3+ emission of the F5/2 → 2F7/2 transition is expected around 1000 nm. The
spectrum displays only noise, suggesting that no energy transfer from dot to dopant occurs and that
no Yb3+ ions adhere to the In(Zn)P surface.

It is concluded that the doping method derived from the work of Reiss et al. proved unsuccessful
to incorporate Yb3+ ions into In(Zn)P/ZnS quantum dots. Although Yb is expected to be chemically
very similar to Eu, the reaction steps that led to Eu3+ emission upon QD excitation in the work
of Reiss and coworkers did not lead to Yb3+ emission upon QD excitation when the synthesis was
adapted to use Yb-oleate. A possible explanation for these different results is that the relatively low
reaction temperatures used in the doping step (100 minutes at 80 ◦C and 20 minutes at 120 ◦C) where
not high enough to couple Yb3+ to the quantum dot surface. Another explanation could be that using
either Yb or Eu precursors, only a small portion is coupled to the QD surface. If the surface resident
dopant ions are not successfully covered by the ZnS shell material, multi-phonon relaxation may take
place in the excited Yb3+ ions by coupling to 3-4 solvent or ligand vibrations, leading to non-radiative
decay. For excited Eu3+ ions, the energy difference is much higher, so their excited state will not be
relaxed by coupling to multiple phonons, resulting in radiative decay.
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Figure 3.20: Absorption (blue) and emission (red) spectra obtained from In(Zn)P/ZnS particles made with
an Yb3+ doping step based on a method described by Reiss et al. [34] to dope In(Zn)P/ZnS particles with
Eu3+. Emission is measured both in the visible region (left) and the IR region (right) upon excitation at 355
nm. The absorption spectrum displays a well defined QD absorption shoulder and the visible emission spectrum
displays a symmetric band edge emission peak, indicating high quality In(Zn)P/ZnS QDs. No Yb3+ emission
is observed in the IR region upon QD excitation, suggesting that the dopants are not successfully coupled to
the dots.

3.4 Conclusion
In this chapter, the development of a growth doping strategy to synthesize InP quantum dots attached
to Yb3+ ions was described. InP and In(Zn)P colloidal semiconductor nanocrystals were synthesized
via a hot-injection method as cores to which the doping procedure would be applied. When no zinc was
used in the quantum dot synthesis, the observed absorption shoulder was poorly defined, indicating a
broad size distribution of the nanocrystals as a result of the low reactivity of the InP precursors. The
presence of zinc stabilized the formed quantum dots, resulting in smaller nanocrystals with a more
narrow size distribution. Visible of emission of the band edge transition was barely observed in the
InP quantum dots, most likely due to the non-radiative decay via trap states.

The quantum dots were coupled to Yb3+ ions in a doping step, after which Yb3+ emission at 975
nm corresponding with the 2F5/2 → 2F7/2 transition could be observed upon quantum dot excitation
in the visible region, indicating the possibility of energy transfer from InP quantum dots to Yb3+

lanthanide ions. The Yb3+ emission overlapped with a broad band of trap state emission. The
highest Yb3+ emission was found when a Yb:QD ratio of 360:1 is used during the doping synthesis
step.

The lifetime of the Yb3+ emission peak at 975 nm was measured to be very short. The short lifetime
of the Yb3+ excited state is an indication that the dopant ions reside merely at the quantum dot
surface, but washing the quantum dots multiple times did not decrease the Yb3+ emission, indicating
that they are strongly bound to the nanocrystals.

To incorporate the dopant ions, several different shell materials were applied to the doped quantum
dots: S shells, P shells, ZnSe shells, and CdSe shells were grown and ZnS shells were grown both via
a slow and a fast synthesis route. While shell deposition upon the quantum dots was demonstrated
to be successful based on the changes in the absorption and emission spectra in the visible region, the
highest Yb3+ emission is measured in InP:Yb3+ quantum dots where no shell had been grown. An
explanation for this trend may be the crystal self purification of the doped nanocrystals as a result of
the high temperature reaction conditions.

An increase of Yb3+ emission upon quantum dot excitation was observed when In(Zn)P core
particles were used, this increase is attributed to the passivation of trap states by zinc, leading to
more efficient energy transfer to the Yb3+ dopant ions after quantum dot excitation.

As an alternative doping method, a one pot synthesis route to dope In(Zn)P/ZnS quantum dots
with Yb3+ was utilized based on an adaption of a previous publication describing the incorporation of
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Eu3+ into In(Zn)P/ZnS quantum dots, but this strategy yielded no Yb3+ emission upon quantum dot
excitation. The discrepency in the results may be explained by the low reaction temperature used in
this synthesis approach. Another explanation might be that in the publication, Eu3+ ions reside at the
quantum dot surface as well, but their emission is not, unlike in Yb3+ ions, quenched by multi-phonon
relaxation.
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Chapter 4

Incorporation of Yb3+ into CdSe
quantum dots

Abstract

A growth doping strategy is used to couple Yb3+ ions to CdSe quantum dots. CdSe quantum dot
cores of various sizes are synthesized via a hot-injection method and used as cores in a Yb3+ doping
procedure. Coupling to Yb3+ ions results in emission at 975 nm corresponding with the Yb3+ 2F5/2
→ 2F7/2 transition upon quantum dot excitation. Overgrowth with Se resulted in the rise of a second
peak at 985 nm. Both peaks could be traced back to quantum dot excitation. The peak at 975 nm
has a very short lifetime and is attributed to Yb3+ ions at the quantum dot surface, the peak at
985 nm has a significantly higher lifetime and is attributed to Yb3+ ions incorporated in the CdSe
crystal lattice. The coupling of Yb3+ to differently sized quantum dots shows the characteristic Yb3+

emission at the same wavelengths while the band edge absorption is varied.
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4.1 Introduction
The work of Meijerink et al. on the incorporation of Yb3+ ions into CdSe quantum dots provided
convincing evidence of the successful coupling of the lanthanide ions to the nanocrystal and subsequent
overgrowth of a CdSe shell [33]. Spectroscopic data show the emission of the Yb3+ dopant after
excitation of the CdSe host particle. The Yb3+ emission line becomes sharper and shifts to the red
when a Se shell is grown and a longer lifetime is observed. Band edge emission of the CdSe nanocrystals
is still observed, however, indicating that the particles are not homogeneously doped.

The reported observations led to the proposition of the model depicted in figure 4.1. The Gaussian
indicates the probability of finding an exciton in the quantum dot as a function of the distance to its
center. The area underneath the black part of the curve is the probability of the exciton interacting
with a dopant ion, leading to Yb3+ emission. The area beneath the grey part of the curve represents
the chance that the exciton collapses without finding a dopant ion. The model implies that when the
dopant is localized closer to the center of the host particle, energy transfer of the dot to the ion is
more likely to occur resulting in more efficient Yb3+ emission upon quantum dot excitation.

Figure 4.1: Visual representation of the proposed model. A quantum dot is depicted with dopant ions residing
in an outer shell. The Gaussian indicates the probability of finding the exciton as a function of its location.
Reproduced from the master thesis of Robin Geitenbeek.

In this chapter, the growth doping procedure described by Meijerink [33] will be applied to a series
of differently sized CdSe quantum dots synthesized via a hot-injection procedure described by Peng
et al. [64]. Doped particles will be overgrown with CdSe to create differently sized particles. Their
optical properties will be analyzed using absorption, emission and time-resolved emission spectroscopy.
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4.2 Experimental methods

4.2.1 Chemicals

Selenium (Se, 99.999 %) was purchased from Alfa Aesar. 1-Butanol (Bu OH, 99.8 %), cadmium
acetate (Cd(Ac)2, 99.99 %) methanol (MeOH, 99.9 %),1-octadecene (ODE, 90 %), oleic acid (OA, 90
%), oleylamine (OLAM, 70 %), toluene (99.8 %), tri-octylphosphine (TOP, 90 %), octadecylamine
(ODA, 90 %) and ytterbium acetate (Yb(Ac)2, 99.9 %) were purchased from Sigma-Aldrich. Reagents
were used as received with the exception of ODA, ODE and OLAM, which were degassed under
vacuum at 150 ◦C while stirring for 4 hours before use.

4.2.2 CdSe quantum dot synthesis

CdSe quantum dots were synthesized according to a hot injection protocol reported by Peng and
coworkers [64]. Before the quantum dot synthesis, Cd and Se precursors were prepared. A 0.1 M
Cd(OA2 precursor solution was prepared by weighting 506 mg Cd(Ac)2 in an Erlenmeyer flask, 21.9
mL ODE and 2.75 mL OA were added. The flask was put under vacuum using a Schlenk line and
heated to 120 ◦C while stirring. After 2.5 hours, the mixture was cooled to room temperature. A
0.75 M TOP-Se precursor was prepared by weighting 1.42 g Se under inert conditions in a glove-box,
adding 9.025 mL TOP and heating to 90 ◦C while stirring. After 15 minutes, the mixture was clear
and colorless and 15.08 mL ODE was added. The hot injection CdSe quantum dot synthesis proceeded
by introducing into a 3-neck round bottom flask 4.15 mL TOPO, 12 mL ODA and 18.75 mL of the
TOP-Se precursor solution. The mixture was heated to 280 ◦C. Upon reaching this temperature,
18.75 mL of the Cd(OA)2 solution is injected rapidly and the heating mantle is removed. Immediately
after the injection step a 2 mL sample is extracted. After each subsequent time-interval of ca. 30
seconds, another sample is extracted. In total, 12 samples were extracted. The remaining reaction
mixture cooled to room temperature, this is the 13th sample. Each sample was washed by addition of
a sample volume equivalent of toluene and two sample volume equivalents of both MeOH and BuOH.
The samples were centrifuged and after decantation of the supernatant, they were redispersed in a 2
mL volume of toluene for the extracted samples and 40 mL of toluene for the final reaction mixture.

4.2.3 Yb3+ growth doping procedure

The CdSe quantum dot cores were doped via the growth doping procedure described by Meijerink et
al. to incorporate ytterbium into CdSe nanoparticles [33].

Before the doping of the particles, an Yb precursor is synthesized and an Se precursor in either
dispersion or solution is prepared. As an Yb precursor, Yb oleate is chosen and was prepared by
weighting 0.42 g Yb(Ac)3·(H2O)4 (1.0 mmol) in an Erlenmeyer flask and adding 2 mL oleic acid and
8 mL ODE. The mixture was brought under vacuum using a Schlenk-line and heated to 80 ◦C while
stirring. After 30 minutes, the temperature was raised to 150 ◦C and reaction was allowed for 4 hours
before cooling. The result is a homogeneous viscous faintly yellow solution. 10 mL ODE was added to
decrease the viscosity yielding a 0.05 M Yb(OA)3 solution. The Se precursor was prepared by either
adding 0.158 g of Se (2 mmol) to 20 mL ODE, resulting in a turbid black dispersion, or by dissolving
the Se in ODE as described by Bullen et al [65], adding 0.158 g of Se (2 mmol) to 20 mL ODE and
heating at 180 ◦C while stirring under vacuum using a Schlenk-line resulting in a clear faintly yellow
solution of 0.1 M Se in ODE.

Reactional parameters in the doping procedure were varied as displayed in appendix D. In a typical
synthesis, the growth doping of CdSe quantum dots proceeded by introducing into a vial, under inert
conditions in a glove-box, 9 mL ODE, 3 mL OLAM and 140 nmol quantum dots in toluene. The
mixture was then heated to 270 ◦C and kept at this temperature for at least 30 minutes to allow
toluene to evaporate. The Yb precursor was then introduced by slow drop-wise addition of a mixture
of 0.042 mL 0.05 M Yb(OA)3 in ODE and 0.958 mL ODE (resulting in a 30:1 Yb:QD ratio). Reaction
was then allowed for 30 minutes before addition of the Se precursor. A volume corresponding with a
varied 1:1 to 1:30 ratio of Yb:Se of either 0.1 M Se in dispersion or 0.1 M Se in solution was added
to a volume of ODE to create a 1 mL mixture of Se and ODE, and this mixture was injected in a
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slow-drop-wise manner to the reaction mixture. Reaction with the Se as allowed for 30 minutes before
cooling to room temperature. The resulting particles were then washed three times by addition of
MeOH and BuOH, centrifugation and redispersion of the sedimentation in toluene.

4.2.4 CdSe deposition via SILAR

Doped CdSe quantum dots were grown to larger sizes by deposition of mono-layers of CdSe via the
successive ionic layer adsorption and reaction (SILAR) method. The overgrowth of CdSe via SILAR
proceeded as follows: under inert conditions in a glove-box, to a vial was added 1.8 mL ODE, 0.6
mL OLAM and a volume of Yb3+ doped CdSe quantum dots in toluene corresponding with 30 nmol
quantum dots. The mixture was heated to 240 ◦C and toluene is allowed to evaporate for one hour.
After evaporation of the toluene, a volume corresponding with the chemical amount needed to form
a single mono-layer of CdSe, as calculated using the CdSe lattice parameters [61], of 0.1 M Se in
ODE solution was added in a slow drop-wise manner. A few minutes after, the same volume of 0.1
M Cd(OA)3 in solution is added in the same manner. Reaction was allowed for 30 minutes before a
sample of 0.5 mL was extracted. This step is then repeated to form a second mono-layer: a volume
corresponding with the chemical amount needed to form a the second mono-layer of CdSe, as calculated
using the CdSe lattice parameters [61], of 0.1 M Se in ODE solution was added in a slow drop-wise
manner. A few minutes after, the same volume of 0.1 M Cd(OA)3 in solution is added in the same
manner. Reaction was then again allowed for 30 minutes before a sample of 0.5 mL was taken. In
total, this step is repeated four times, yielding a total of five samples where CdSe is deposited in one,
two, three, four and five mono-layers.

4.2.5 Characterization

Absorption spectra were recorded with a Perkin Elmer Lambda 950 UV/VIS/NIR spectrophotometer.
TEM was performed using a FEI Tecnai microscope operating at 120 kV. Emission and excitation
spectra were recorded with an Edinburgh Instruments FLS 920 spectrofluorometer with a 450 W
Xe lamp for excitation. Emission was detected using a Hamamatsu R928 photomultiplier tube for
detection in the visible region and a nitrogen cooled R5509-72 photomultiplier tube for detection
in the infrared region. Lifetimes were measured using the same detector as the emission after pulsed
excitation using an Optical Parametric Oscillator (OPO) lasing system. Samples for spectroscopy were
prepared by diluting a purified reaction mixture with toluene and were measured in quartz cuvettes.
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4.3 Results and discussion

4.3.1 CdSe QD cores

CdSe quantum dots were synthesized according to a hot-injection protocol developed by the group of
Peng [64], as described in section 4.2.4. Briefly, the synthesis was performed by heating up a mixture of
TOPO, ODA and TOP-Se followed by quick injection of a Cd(OA)2 solution. After injection, samples
were extracted from the reaction mixture after intervals of circa 30 seconds. In total, 12 samples
samples were extracted, the 13th sample is the remaining reaction mixture.

Absorption spectra are obtained of the 13 collected samples, these are displayed in figure 4.2. Each
sample that was extracted at a later time has its lowest energy absorption peak shifted further to the
right. In every absorption spectrum, the expected characteristics of CdSe quantum dots are observed:
an absorption peak at the lowest energy corresponding with the transition between the discrete Sh and
Se energy levels and depending on the sample, up to three more distinct exciton transitions can be
observed. The small width of the absorption peaks indicates successful synthesis of relatively mono-
disperse CdSe QD samples. The shift towards lower energies in the lowest energy absorption peak
of the samples is an indication that larger quantum dots are obtained due to a longer reaction time
before sample extraction.

Figure 4.2: Absorption spectra of samples P1 to P13. Spectra are normalized to their first absorption peak.
Samples extracted at a later time during the synthesis have their first absorption peak shifted further to the
red, indicating larger particle sizes as a result of a longer reaction time.

From the height and position of the first absorption peak in the spectra, corresponding particle
diameters and concentrations were calculated using an empirically derived fitting function [66]. Table
4.1 displays the QD diameter for each sample, as well as the sample volume, its concentration and the
total amount of dots the reaction yielded.

On the sample with highest calculated particle diameter (P13), TEM images were taken as well. A
representative TEM image is displayed in figure 4.3. The CdSe nanocrystals can easily be distinguished
from the background, appearing as monodisperse near-spherical particles with similar diameters. An-
alyzing the TEM data, an average CdSe quantum dot diameter of 3.98 nm is found with a standard
deviation of 0.5 nm. This larger size compared to the one calculated using the empirical fitting method
(3.85 nm) may be explained by a bias in the manual measurement of the particles in TEM images. The
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Table 4.1: Table dislaying the calculated particle sizes, volumes, and concentrations of the samples extracted
at different times during the CdSe quantum dot hot injection synthesis.

Sample Particle size (diameter, nm) Volume (mL) Concentration (mol/L)

P1 2.31 1.9 1.39343E-05
P2 2.43 1.9 1.47887E-05
P3 2.55 1.9 2.48964E-05
P4 2.64 1.9 3.00272E-05
P5 2.76 1.9 2.73293E-05
P6 2.89 1.9 4.5948E-05
P7 3.07 1.9 4.40181E-05
P8 3.14 1.9 5.45907E-05
P9 3.36 1.9 5.07194E-05
P10 3.65 1.9 4.40248E-05
P11 3.77 1.9 4.33372E-05
P12 3.83 1.9 4.26795E-05
P13 3.85 39.95 4.56625E-05

relatively low standard deviation in the particle diameters is further evidence of a low polydispersity
in the QD sample, agreeing well with the observation of discrete peaks in the absorption spectrum.

Figure 4.3: Representative TEM image of the P13 CdSe quantum dots. The quantum dots were measured to
have an avarage diameter of 3.98 ± 0.5 nm.

4.3.2 Growth doping CdSe

To the largest batch of previously synthesized CdSe quantum dots, sample P13, the Yb3+ growth
doping procedure optimized by Robin Geitenbeek and Rosa Martín-Rodríguez is applied. The syn-
thesis is described in detail in section 4.2.3. The particles were doped with an amount of Yb in a 30:1
Yb:QD ratio. After the doping step, Se is deposited by addition of a dispersion of Se in ODE where
the amount of Se is the same as the amount of Yb used.

The resulting particles were analyzed using emission spectroscopy, measuring emission in the 950
to 1050 nm IR region upon excitation of the the quantum dots at 585 nm. The emission spectrum in
the IR is displayed in figure 4.4. The emission spectrum displays a small peak at 975 nm attributed
to the emission of Yb3+ ions upon energy transfer from the quantum dots. A sloping line of what
is probably trap state emission is observed as well. Comparing this spectrum to the results obtained
in previous work, a high similarity to the IR emission of unshelled CdSe:Yb3+ QDs is observed [33],
suggesting that the Yb3+ ions are not incorporated into the QDs, but merely reside at the QD surface.
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This may also explain the low intensity of the emission peak, as the emission of surface resident Yb3+

ions may be quenched by non-radiative decay via multi-phonon relaxation.

Figure 4.4: IR emission spectrum of 3.85 nm sized QDs doped with a 30:1 Yb:QD ratio and a 1:1 Yb:Se
ratio. The spectrum is obtained after QD excitation at 585 nm. The peak observed at 975 nm is attributed to
emission of surface-resident Yb3+ ions upon QD excitation. Spectra are vertically offset for clarity.

4.3.3 Optimizing the amount of Se used during encapsulation

Initial doping experiments with CdSe yielded evidence that the Se overgrowth step was not sufficient to
incorporate the Yb3+ ions into the nanocrystal lattice, therefore a series of experiments using varying
amounts and different types of Se-precursors is conducted to find the right experimental parameters
for dopant incorporation.

The growth doping procedure is performed upon the 3.85 nm sized CdSe QDs in the same manner
as discussed in the previous section, with the exception that the amount of Se used in the encapsulation
step is varied. The effect of using Yb:Se ratios of 1:5, 1:10 and 1:20 is investigated. After the doping
procedure, emission spectroscopy is performed.

Figure 4.5 displays emission spectra collected in the IR of samples encapsulated with an amount
of Se used in a 1:5 (blue), 1:10 (red), and 1:20 (green) Yb:Se ratio. The spectra were obtained by
excitation at 580 nm, 580 nm, and 586 nm respectively. The emission spectrum obtained from the
sample where a 1:5 Yb:Se ratio is used looks very similar to the emission spectrum of the sample with
a 1:1 Yb:Se ratio displayed in figure 4.4, displaying a low intensity peak at 975 nm, suggesting that
the Yb3+ ions are not incorporated. When the amount of Se used is raised to a 1:10 Yb:Se ratio, the
rise of a peak at 985 nm is observed. This peak may be attributed to emission of Yb3+ ions that
are incorporated into the QD crystal lattice. The observed spectral shift of 10 nm with respect to
the presumed to be surface-bound Yb3+ ions emitting at 975 nm is an indication of the change in
chemical environment of the dopant ions. When the amount of Se used in the incorporation step is
raised further to a 1:20 Yb:Se ratio, the emission peak at 985 nm becomes even more pronounced,
an indication that even more surface-resident Yb3+ ions are incorporated into the CdSe QD crystal
lattice by deposition of a higher amount of Se. Furthermore, a third peak is observed in the IR
emission spectrum around 1030 nm. This peak may also be attributed to encapsulated Yb3+ ions
emitting upon quantum dot excitation as the result of crystal field splitting due to the new crystal
lattice environment of the dopant ions.

4.3.4 Encapsulation using a Se solution

As an alternative to a turbid dispersion of Se in ODE, a method optimized by the group of Bullen [65] is
employed to dissolve Se in ODE at elevated temperatures. The homogeneous solution of Se is expected
to provide better reproducibility of the encapsulating experiments, since the amount of Se transferred
can be more accurately controlled then when using a sedimenting Se dispersion. Furthermore, Bullen
et al. reported an increase of reactivity of the Se precursor when prepared in this manner over that
of Se in dispersion [65].
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Figure 4.5: IR emission spectra of 3.85 nm sized QDs doped with a 30:1 Yb:QD ratio and a 1:5 (blue), 1:10
(red), and 1:20 (green) Yb:Se ratio using a Se precursor in dispersion. The spectra are obtained after QD
excitation at 580 nm, 580 nm, and 586 nm, respectively. When higher amounts of Se are used, the rise of
a Yb3+ emission peak at 985 nm is observed, attributed to Yb3+ ions that are incorporated into the CdSe
nanocrystal lattice. Spectra are vertically offset for clarity.

The Se precursor dissolved in ODE is used in the encapsulation step of the growth doping experi-
ments on CdSe, the amounts of Se used are varied, experiments were done with a 1:10, 1:20 and 1:30
Yb:Se ratio. The resulting particles were analyzed using emission spectroscopy.

In figure 4.6 emission spectra are displayed obtained in the IR region of samples encapsulated
using a solution of Se in ODE in the Yb:Se ratios of 1:10 (blue), 1:20 (red), and 1:30 (green). Spectra
were collected upon QD band edge excitation at 588 nm, 594 nm, and 597 nm, respectively. All the
obtained emission spectra display both an emission peak at 975 nm and one at 985 nm, attributed to
emission from Yb3+ ions bound to the QD surface and Yb3+ ions incorporated into the QD crystal
lattice respectively. When the amount of Se added during the synthesis is increased, the peak at 985
nm increases in intensity as well and the rise of a peak at 1030 nm is observed as well, indicating that
more surface-bound Yb3+ ions are encapsulated by the Se, in the same manner as observed in the
experiments with the Se dispersion discussed in the previous section.

Figure 4.6: IR emission spectra of 3.85 nm sized QDs doped with a 30:1 Yb:QD ratio and a 1:10 (blue),
1:20 (red), and 1:30 (green) Yb:Se ratio using a Se precursor in solution. The spectra are obtained after QD
excitation at 588 nm, 594 nm, and 597 nm, respectively. The intensity of the peak at Yb3+ emission peak at 985
nm increases with the amount of Se used, suggesting further incorporation of Yb ions into the CdSe nanocrystal
lattice. Spectra are vertically offset for clarity.

4.3.5 Excitation spectroscopy

Doped dots that were encapsulated with higher amounts of Se displayed two peaks attributed to Yb3+

emission in the IR emission spectrum. To further investigate the origin of these peaks, excitation
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spectra are recorded of the sample where a 1:30 Yb:Se ratio is used with a Se precursor dissolved in
ODE. Emission intensities at 975 nm and 985 nm are measured upon excitation in the 500 to 650 nm
range. The resulting spectra are displayed in figure 4.7. Here, the blue line is the excitation spectrum
obtained upon measuring emission at 975 nm and the red line upon measuring emission at 985 nm.
Both spectra display the excitonic feature of a quantum dot, indicating that energy transfer from
the CdSe dots to the Yb3+ followed by radiative decay of the lanthanide ions is responsible for both
emission peaks. The excitation spectrum obtained from the emission at 985 nm shows that the energy
of the first quantum dot absorption peak is shifted slightly towards lower energies compared to the
one displayed in the excitation spectrum obtained from emission at 975 nm. This may be the result
of slightly larger quantum dots grown by deposition of a larger amount of Se, decreasing the exciton
confinement. This observation agrees well with the postulation that Yb3+ ions emit at 985 nm after
encapsulation with a Se shell.

Figure 4.7: Excitation spectra obtained from the emission intensity at 975 nm (blue) and 985 nm (red). The
quantum dot excitonic structure if found, suggesting energy transfer from CdSe quantum dots to Yb3+ dopant
ions, resulting in Yb3+ emission.

4.3.6 Lifetime measurements

To further investigate the nature of the emission lines at 975 nm and 985 nm, lifetimes of the excited
state are measured in the sample where the Se encapsulation step is performed using Se in solution in
a 1:30 Yb:Se ratio. Decay curves are obtained by time-resolved emission measurement after excitation
at 355 nm with a pulsed laser.

Figure 4.8 displays the decay curves collected measuring emission at 975 nm (blue dots) and
at 985 nm (red dots). The curve obtained at emission at the 975 nm wavelength displays a rapid
decay. This observation is attributed to the short-lived excited state of the Yb3+ dopant ions residing
at the quantum dot surface. The decay is assisted by coupling to vibrations of ligand and solute
molecules resulting in lower probability of radiative decay. The curve obtained measuring emission at
985 nm shows the presence of a distinctly longer lived component. This long-lifetime emission may be
attributed to Yb3+ ions incorporated into the quantum dot crystal lattice. After incorporation, the
ions are no longer in contact with ligand and solute molecules. This reduces the probability of non-
radiative multi-phonon relaxation and the probability of radiative emission upon quantum dot energy
transfer is strongly increased. The short component in the 985 nm decay curve can be attributed to
trap state emission that is also measured at 985 nm upon quantum dot excitation. As displayed in
figure 4.6, the emission lines attributed to Yb3+ emission overlap with a sloping baseline of what is
assumed to be trap emission. The lifetime of quantum dot trap states is significantly lower than that
of lanthanide emission, hence the distinction of the two lifetime components in the curve.

To quantify the measured lifetimes, exponential functions were fitted to the curves. The function
fitted to the decay curve obtained from emission at 975 nm is plotted in figure 4.8 as a purple line
and the function fitted to the decay curve obtained from emission at 985 is plotted as a black line.
From the fit, the emission at 975 nm is calculated to correspond with a 2.8 µs excited state lifetime, a
short emission lifetime attributed to multi-phonon relaxation. Since the decay curve obtained at 985
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nm distinctly displays two components, a bi-exponential function is fitted. The calculated result is a
2.0 µs lifetime for the short lived excited state, which may be the lifetime of the trap state emission,
and a second lifetime of 117 µs, which is attributed to Yb3+ emission from ions encapsulated by the
Se shell.

Figure 4.8: Decay curves obtained by time-resolved emission measurements at 975 nm (blue dots) and at 985
nm (red line), upon excitation at 355 nm. A mono-exponential function is fitted to the curve obtained at 975
nm (purple line) and a bi-exponential function to the curve obtained at 985 nm (black line). The 985 nm curve
displays the rise of a long-lifetime component, attributed to Yb3+ ions encapsulated with Se.

4.3.7 Time resolved emission spectroscopy

The lifetime measurements showed that multiple components in the emission spectra decay at signifi-
cantly different rates. To further visualize the emission at different time-scales, time resolved emission
spectroscopy is performed.

Upon quantum dot band edge excitation at 597 nm of CdSe:Yb3+ quantum dots encapsulated with
a Se precursor in solution in a 1:30 Yb:Se ratio, radiative decay curves are obtained by measuring
time resolved emission from 950 nm to 1070 nm in steps of 4 nm, yielding a total of 31 decay curves.
From these curves, emission spectra are constructed by integrating the photon counts at different time
intervals.

Figure 4.9 displays two time resolved emission spectra between 950 nm and 1070 nm: a short
lifetime spectrum constructed by integration of the 1 - 5 µs interval of the decay curves (left) and
a long lifetime spectrum constructed by integration of the 5 - 1000 µs interval of the decay curves
(right). The short lifetime spectrum displays a sloping band of emission between 950 nm and 1070
nm, which can be attributed to the short lived excited state decay of trap states generated by defects
in the quantum dot. The peak at 975 nm displayed in the short lifetime spectrum is attributed to
emission of surface-bound Yb3+ ions, having the emission of their lifetime reduced by multiphonon
relaxation. The long lifetime spectrum on the right displays a high intensity peak at 985 nm. This
peak is most likely caused by emission of Yb3+ incorporated into the quantum dot lattice, its long
lifetime the result of shielding from solute and ligand vibrations. A second broader peak is observed in
the long lifetime spectrum around 1030 nm. This peak can be a second emission peak of Yb3+ given
rise to by crystal field splitting of the Yb3+ states. This provides further evidence of incorporation of
the dopant ions into the CdSe crystal lattice.

4.3.8 Doping smaller particles

The growth doping procedure is applied to CdSe quantum dots with a smaller diameter to see whether
the emission of the Yb3+ dopant ions would be influenced by the particle size. Quantum dots with a
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Figure 4.9: Time resolved emission spectra obtained from CdSe quantum dots doped with a 30:1 Yb:QD ratio
and overgrown with Se in a 1:30 Yb:Se ratio. Decay curves are obtained after excitation at 597 nm measuring
emission between 950 and 1070 nm between steps of 4 nm. Displayed are a short lifetime spectrum constructed
by integration of the 1 - 5 µs interval of the decay curves (left) and a long lifetime spectrum constructed by
integration of the 5 - 1000 µs interval of the decay curves (right). The short-lifetime emission spectrum displays
a sloping band of trap state emission and the long-lifetime emission spectrum displays the crystal-field split
Yb3+ emission of ions incorporated into the CdSe crystal lattice.

3.36 nm diameter (sample P9 in table 4.1) were doped with a 30:1 Yb:QD ratio and encapsulated with
a dispersion of Se in a 1:10 Yb:Se ratio. After washing, the particles were analyzed using emission
spectroscopy.

The emission of the smaller doped quantum dots upon QD band edge excitation of 578 nm is
measured in the near IR region, see figure 4.10. As can be observed, the three characteristic peaks
that were previously displayed in the emission spectra of larger doped particles are displayed here as
well: one peak at 975 nm attributed to Yb3+ emission of ions resident at the quantum dot surface, and
the peaks at 985 nm and 1030 nm attributed to Yb3+ emission of ions incorporated into the crystal
lattice. While the excitonic properties of the CdSe QD core particles are changed, the emission peaks
of the Yb3+ dopant after energy transfer from dot to dopant remain in the same place.

Figure 4.10: Emission spectrum obtained from 3.36 nm sized QDs doped with a 30:1 Yb:QD ratio and a 1:10
Yb:Se ratio. The spectrum is obtained after QD excitation at 578 nm.

4.3.9 SILAR

To further demonstrate the effect of differently sized host dopant ions on the observed Yb3+ dopant
emission and to investigate whether energy transfer from the QDs to the dopant ions could be made
more efficient by localizing the ions relatively closer to the QD core, multiple layers of CdSe are grown
over doped particles via the SILAR method. Up to five mono-layers of CdSe are deposited on the
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CdSe:Yb3+ quantum dots with a core size of 3.36 nm. The resulting samples were analyzed with
absorption and emission spectroscopy.

In figure 4.11, absorption spectra are displayed obtained from bare CdSe cores (cyan), the cores
doped with Yb3+ via the growth doping procedure (blue), doped dots overgrown with one (red), two
(green), three (black), four (brown), and five (orange) mono-layers of CdSe. As can be seen, with each
subsequent reaction step, the band edge absorption peak shifts further to the right. This indicates that
during the growth doping step, larger particles are grown by deposition of Yb and Se onto the dots,
decreasing the exciton confinement. After addition of the CdSe precursor equivalent of a single mono-
layer, the first absorption peak shifts to the red, and this red-shift is increased with each following
CdSe precursor addition step, suggesting that the particles are grown step by step by the addition of
several mono-layers.

Figure 4.11: Absorption spectra obtained from bare CdSe quantum dots (cyan), CdSe quantum dots doped
with Yb3+ via the growth doping procedure (blue), and the doped dots overgrown with one (red), two (green),
three (black), four (brown), and five (orange) mono-layers of CdSe. With each mono-layer of CdSe deposited,
the first absorption peak shifts towards lower energies.

Figure 4.12 shows emission spectra obtained in the visible region (left) and in the IR region (right).
Emission spectra are obtained after excitation at 355 nm of samples of bare CdSe quantum dots (cyan),
CdSe quantum dots doped with Yb3+ via the growth doping procedure (blue), and the doped dots
overgrown with one (red), two (green), three (black), four (brown), and five (orange) mono-layers of
CdSe. Here, each spectrum is normalized to its highest emission peak.

In the visible region, band edge emission of the quantum dots is observed. The average energy of
the band edge emission peaks is shifted towards higher energies with each subsequent reaction step,
similar to the energy shift observed in the absorption spectra. This is further proof that the quantum
dots are grown to larger sizes during the doping procedure and after each addition of CdSe precursors
to form a mono-layer. Another observation is the formation of small satellite peaks of energies higher
than the primary band edge emission, becoming visible in the sample where three mono-layers are
deposited (black) and becoming more pronounced with each subsequent mono-layer addition. This
is most likely the result of secondary nucleation of CdSe quantum dots by reaction of the CdSe
precursors to form nuclei instead of depositing on the doped quantum dot surface, resulting in smaller
sized CdSe quantum dots in the sample. This may be caused by injecting the CdSe precursors too
rapidly, resulting in a concentration that is sufficiently high for nucleation.

The emission of the samples is also measured in the IR region. All samples display a sloping
band of trap state emission, and samples that were doped with Yb display the characteristic Yb3+

emission peaks at 975 nm and 985 nm. The trend observed in the IR spectra is that the emission
peaks attributed to Yb3+ radiative decay become lower with respect to the trap state emission with
each successive CdSe mono-layer deposition. An explanation for this observation is that the emission
of trap states shifts towards lower energies with increasing quantum dot diameters. Furthermore, the
deposition of CdSe may lead to an increase of crystal defects in the nanocrystal lattice by creating
electron traps at the surface, increasing the number of trap states and the probability of radiative
trap state decay. The Yb3+ emission peaks remain fixed at the 975 nm and 985 nm wavelengths, even
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though the size of the host particles is increased via SILAR. This agrees well with the previous obser-
vation that the size of the quantum dots does not influence the emission properties of the lanthanide
doped ions, and that their characteristic emission lines can be coupled to to the size-tunable broad
absorption of CdSe quantum dots.

Figure 4.12: Emission spectra obtained in the visible region (left) and in the IR region (right), obtained after
excitation at 355 nm of samples of bare CdSe quantum dots (cyan), CdSe quantum dots doped with Yb3+ via
the growth doping procedure (blue), and the doped dots overgrown with one (red), two (green), three (black),
four (brown), and five (orange) mono-layers of CdSe. Spectra are normalized to their highest emission peak. A
shift towards lower energies is observed in the band edge emission of the quantum dots with each layer of CdSe
deposited. In the IR, a relative decrease of Yb3+ emission intensity with respect to the trap state emission
intensity is displayed with the addition of each subsequent mono-layer of CdSe. Spectra are vertically offset for
clarity.

Of the Yb3+ emission in the SILAR sample series, the lifetimes are measured as well. Figure 4.13
displays the decay curves that were obtained measuring the emission at 985 nm upon excitation at 355
nm. All decay curves display the previously observed rapidly decaying component attributed to trap
state emission, and a more slowly decaying component attributed to Yb3+ emission of ions that are
incorporated into the quantum dot lattice. When CdSe is deposited onto the doped dots via SILAR,
the relative intensity of the slowly decaying component decreases, corresponding with the observed
decrease of the Yb3+ emission with respect to the trap state emission in the emission spectra. The
lifetimes of the excited states are quantified by fitting bi-exponential functions to the curves. The
calculated lifetimes are found to be around 1 µs for the fast decaying components and around 100 µs
for the slow decaying components, with the exception of the curve obtained from the sample where one
mono-layer of CdSe is grown (red), where the intensity of the slowly decaying component is too low
for a successful fit. The highest lifetime is measured in the sample where 2 mono-layers of CdSe are
deposited, displaying a lifetime of 136 µs of the slowly decaying Yb3+ excited state. The samples where
3 and 4 mono-layers of CdSe are deposited display longer lifetimes of the slowly decaying components
with respect to the sample where no CdSe is deposited as well, 117 and 115 µs respectively. When
the fifth layer of CdSe is deposited, the lifetime decreases further to 74 µs. Emission spectroscopy in
the visible region suggested that particles of smaller sizes are present in the sample due to secondary
nucleation, this may also affect the measured lifetimes.

Experimenting with the layer by layer deposition of CdSe onto CdSe:Yb3+ quantum dots revealed
that the Yb3+ emission becomes less pronounced with respect to the trap state emission with each
CdSe mono-layer deposited. The lifetime measurements show an increase in the Yb3+ excited state
lifetime in samples where two, three, and four mono-layers of CdSe are deposited, suggesting more
efficient energy transfer to the dopant, which may provide evidence to support the suggested model
where the probability of energy transfer from dot to dopant is a function of the relative dopant distance
to the host particle center. However, to further investigate this proposed model, particles with better
optical properties need to be synthesized to eliminate the observed trap state emission.
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Figure 4.13: Decay curves obtained from Yb3+ doped CdSe quantum dots (blue dots), overgrown with 1
(red dots), 2 (green dots), 3 (black dots), 4 (orange dots), and 5 (purple dots) mono-layers of CdSe, measuring
time-resolved emission intensity at 985 nm upon excitation at 355 nm. Bi-exponential functions are fitted to
the curves displayed as lines with colors corresponding to the curves they are fitted to.

4.4 Conclusion
In this chapter, a growth doping strategy was used to couple Yb3+ ions to CdSe quantum dots. CdSe
quantum dot cores of various sizes were synthesized via a hot-injection method. Extraction at later
times after injection of the Cd precursor resulted in a red-shift of the first absorption peak, indicating
an increase of CdSe quantum dot size.

Coupling to Yb3+ ions resulted in a single emission peak at 975 nm corresponding with the Yb3+
2F5/2 → 2F7/2 transition upon quantum dot excitation when selenium was overgrown using a Yb:Se
ratio of 1:1. Overgrowth with higher amounts of Se resulted in the rise of a second peak at 985
nm. Both peaks could be traced back to quantum dot excitation. The peak at 975 nm had a very
short lifetime and is attributed to Yb3+ ions at the quantum dot surface, the peak at 985 nm had a
significantly longer lifetime and is attributed to Yb3+ ions incorporated in the CdSe crystal lattice.
Time-resolved emission spectra showed two peaks in the long lifetime spectrum in the IR: one at 985
nm and a second at 1030 nm. Both are attributed to the emission of Yb3+ incorporated into the CdSe
quantum dots, the observation of two peaks is the result of crystal field splitting. From these results,
is concluded that the incorporation of Yb3+ ions into CdSe quantum dots was successful.

The coupling of Yb3+ to smaller sized quantum dots shows the characteristic Yb3+ emission at
the same wavelengths while the band edge absorption is varied. The independence of the lanthanide
emission on the host particle size is further demonstrated when the SILAR method is employed to
grow up to five mono-layers of CdSe onto the doped CdSe quantum dots. Experimenting with dots
grown to different sizes via SILAR did not provide convincing evidence of more efficient energy transfer
from the quantum dots to the dopant ions.
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Conclusions and outlook

5.1 Conclusions
This thesis described the successful coupling of Yb3+ to both InP and CdSe colloidal semiconductor
nanocrystals via a growth doping procedure. Emission corresponding with the Yb3+ 2F5/2 → 2F7/2
transition is measured upon quantum dot excitation in both materials. After the doping of InP
quantum dots with Yb3+ ions, lifetime measurements revealed that the Yb3+ ions reside merely at the
quantum dot surface, having the lifetime of their excited state reduced by multi-phonon relaxation.
Different shell materials were grown over Yb3+ doped InP quantum dots, but the dopant ions were not
encapsulated. Overgrowth of Se on Yb3+ doped CdSe quantum dots revealed a second emission peak
in the IR region with a significantly longer lifetime, attributed to Yb3+ emission of dopant ions that
are incorporated into the CdSe crystal lattice. Yb3+ emission peaks were at the same wavelengths
when differently sized doped dots were excited at varying wavelengths, demonstrating that the efficient
absorption of the quantum dots can be varied by their size, resulting in the same characteristic emission
of their lanthanide dopant ions. The deposition of CdSe mono-layers was performed to investigate a
model describing the probability of energy transfer from dot to dopant as a function of the distance
between the dopant ions and the host nanocrystal center. Results were inconclusive due to the large
intensity of trap state emission in the same region as the Yb3+ emission.

5.2 Outlook
The results obtained during the research described in this thesis provide an outlook towards future
experiments, both in the analysis and the synthesis regime. They will be described in this section.

Further quantitative analysis

The particles synthesized during this thesis were mainly analyzed using absorption and (time re-
solved) emission spectroscopy, providing a primarily qualitative description of the fabricated systems.
Different analysis techniques need to be employed for a more quantitative description.

A spectroscopic analysis technique that can be performed is the quantitative measurement of the
efficiency of radiative decay in Yb3+ doped quantum dots after excitation, both from the quantum
dot band edge and from the Yb3+ excited state. Luminescent quantum yields can be calculated using
an integrating sphere or a luminescent reference dye. The quantum yields of the doped nanocrystals
can provide insight of the efficiency of the energy transfer from the excited state of the quantum dots
to the Yb3+ dopant ions.

To quantify the amount of Yb3+ ions present in the doped quantum dots, both electron dispersive
x-ray scattering (EDX) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) can
be employed. Using these techniques, elemental analysis can be performed to give a percentage of the
present elements to show how much dopant ions are incorporated and how the ratio of the elements
in the original quantum dot lattice is changed by the doping procedure. These results may provide
insight in the doping mechanism of the growth doping procedure.
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Changing the building blocks in the synthesis

The growth doping procedure to attach and incorporate lanthanide ions into quantum dots described
in this thesis utilized three primary building blocks: the quantum dot core, the lanthanide dopant ions,
and the material of the overgrown shell. Novel luminescent systems can be fabricated by changing
any of these building blocks.

InP and CdSe were utilized as quantum dot core materials. The doping procedure may be applied
to other materials as well. Zinc selenide (ZnSe) and copper indium sulfide (CIS) are materials with
a low intrinsic toxicity compared to CdSe nanocrystals, while their quantum dots display efficient
size-tunable absorption in the visible region as well. The cations in the ZnSe and CIS nanocrystal
lattice are reported to experience a high lattice mobility, making them promising candidates for doping
experiments.

Ytterbium was chosen as the dopant material in the experiments described in this thesis, due to
the characteristic Yb3+ emission line being well separated from the quantum dot band edge emission.
Different lanthanide ions may be incorporated as well, and a similar doping technique may be employed
due to the chemical similarity of the ions in the lanthanide series. The possibility of energy transfer
to different lanthanide ions then Yb3+ upon quantum dot excitation may then be demonstrated.
Furthermore, using lanthanide ions with a sufficiently high gap between its ground state and its
first excited state, multi-phonon relaxation may be prevented, resulting in more efficient lanthanide
emission upon excitation of quantum dots where the lanthanide ions resides at the nanocrystal surface.

Different shell materials and growth methods to encapsulate Yb3+ dopant ions that are resident
on the InP quantum dot surface may be employed. The seed-injection technique is a method that
can be utilized for efficient shell growth: a mixture of previously doped quantum dots and one of the
shell material precursors could be prepared, and injected into a heated up solution of the other shell
material precursor, resulting in immediate shell deposition. The efficiency of the luminescence of Yb3+

ions incorporated into CdSe quantum dots may be increased by the overgrowth of a type-I (gradient)
shell.

Investigation of the energy transfer probability model

In section 4.1, a model is proposed to describe the probability of energy transfer from dot to dopant
as a function of the dopant distance to the host particle center. Initial experiments were performed
in this thesis to investigate this model, but due to a high measured intensity of trap state emission,
the efficiency of the energy transfer was difficult to quantify. The model may be more effectively
investigated when an Yb3+ doped CdSe quantum dot sample that does not display trap state emission
is grown to larger sizes via SILAR. An alternative method for the demonstration of the model would
be the incorporation of Yb3+ ions into differently sized CdSe quantum dots subsequently grown to
an equal size size by deposition of CdSe, resulting in similarly sized quantum dots with different
dopant distances with respect to their host particle center. More efficient energy transfer could then
be demonstrated when the dopant ions are closer to the quantum dot center.
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Appendix A

InP and In(Zn)P quantum dot cores

Table A.1: Experimental parameters of the InP and In(Zn)P hot injection syntheses.

Code In precursor Zn precursor P precursor Injection T (◦C) Reaction T (◦C) Growth t Washed with

S1 206 mg InCl3 122 mg ZnCl2 0.25 mL P(DMA)3 in 1 mL OLAM 220 190 5 m BuOH/MeOH
S2 0.20 g InCl3 0.12 g ZnCl2 0.25 mL P(DMA)3 in 1 mL ODE 220 185 5 m no
S3 0.20g InCl3 0.12 g ZnCl2 0.25 mL P(DMA)3 in 1 mL ODE 220 185 5 m no
S4 0.20 g InCl3 none 0.25 mL P(DMA)3 in 1 mL ODE 220 185 5 m BuOH/MeOH
S5 0.20 g InCl3 0.25 g YbCl3 0.25 mL P(DMA)3 in 1 mL ODE 220 190 5 m BuOH/MeOH
S6 0.20 g InCl3 0.02 g YbCl3 0.25 mL P(DMA)3 in 1 mL OLAM 220 192 5 m MeOH
S7 0.597 g InCl3 none 0.75 mL P(DMA)3 in 3 mL OLAM 220 191.5 5 m MeOH
S8 0.596 g InCl3 none 0.75 mL P(DMA)3 in 3 mL OLAM 220 190 5 m MeOH
S9 0.199 g InCl3 none 0.25 mL P(DMA)3 in 1 mL OLAM 220 190 5 m MeOH

S10 0.199 g InCl3 0.123 g ZnCl2 0.25 mL P(DMA)3 in 1 mL OLAM 220 190 5 m MeOH
S11 0.199 g InCl3 0.245 g ZnCl2 0.25 mL P(DMA)3 in 1 mL OLAM 220 190 5 m MeOH

61





Appendix B

InP quantum dot doping experiments

Table B.1: Experimental parameters of the doping experiments performed on InP and In(Zn)P quantum dots

Code Core QD used Doping temperature (◦C) Ratio Yb-precursor:QD Doping time (m) Encapsulant precursor

S1D0 S1 265 0 30
S1D1 S1 265 30 30
S1D2 S1 265 60 30
S1D3 S1 265 90 30
S1D4 S1 90 0 30
S1D5 S1 90 30 30
S1D6 S1 90 60 30
S1D7 S1 90 90 30
S7D1 S7 265 0 30 0.340 mL DDT added
S7D2 S7 265 120 30 0.340 mL DDT added
S7D3 S7 265 240 30 0.340 mL DDT added
S7D4 S7 265 480 30 0.340 mL DDT added
S7D5 S7 275 0 30 0.340 mL DDT added
S7D6 S7 275 120 30 0.340 mL DDT added
S7D7 S7 275 240 30 0.340 mL DDT added
S7D8 S7 275 480 30 0.340 mL DDT added
S7D9 S7 265 0 30 0.340 mL DDT added

S7D10 S7 265 120 30 0.340 mL DDT added
S7D11 S7 265 240 30 0.340 mL DDT added
S7D12 S7 265 480 30 0.340 mL DDT added
S7D13 S7 265 240 30 0.340 mL DDT added
S7D14 S7 265 480 30 0.340 mL DDT added
S7D15 S7 265 720 30 0.340 mL DDT added
S7D16 S7 265 960 30 0.340 mL DDT added
S7D17 S7 265 360 30 0.340 mL DDT added
S7D18 S7 265 480 30 0.340 mL DDT added
S7D19 S7 265 720 30 0.340 mL DDT added
S7D20 S7 265 960 30 0.340 mL DDT added

S8D1 S8 265 360 30 0.330 mL DDT added
S8D2 S8 265 360 30 0.990 mL 0.1 M S in ODE added
S8D3 S8 265 360 30
S8D4 S8 265 360 30 0.150 mL 0.1 M P(TMS)3 in ODE
S8D5 S8 265 360 30 0.150 mL 0.1 M P(DMA)3 in ODE
S8D6 S8 265 360 30 0.150 mL 0.1 M P(DMA)3 in ODE
S8D7 S8 275 360 30 0.150 mL 0.1 M P(DMA)3 in ODE
S8D8 S8 285 360 30 0.150 mL 0.1 M P(DMA)3 in ODE
S8D9 S8 310 360 30 0.150 mL 0.1 M P(DMA)3 in ODE

S8D10 S8 265 360 30
S8D11 S8 265 360 30
S8D12 S8 265 360 30

S9D1 S9 265 360 30
S10D1 S10 265 360 30
S10D2 S10 265 360 30
S11D1 S11 265 360 30
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Appendix C

InP quantum dot shelling experiments

Table C.1: Experimental parameters of the shelling experiments on (doped) InP and In(Zn)P quantum dots.

Code Cores used Shell precursor(s) Reaction T (◦C) Reaction t

S2S1 2 mL S2 0.09 mmol Zn DTDC 135 2h
S2S2 2 mLS2 0.18 mmol Zn DTDC 135 2h
S3S1 2 mL S3 0.09 mmol Zn DTDC 135 2h
S3S2 2 mL S3 0.18 mmol Zn DTDC 135 2h
S2S3 1 mLS2 0.625 mmol DDT 200 8h
S2S4 1 mL S2 1.25 mmol DDT 200 8h
S3S3 1 mL S3 0.625 mmol DDT 200 8h
S3S4 1 mL S3 1.25 mmol DDT 200 8h
S4S1 0.4 mL S4 0.09 mmol Zn DTDC 135 2h
S6S1 0.4 mL S6 0.18 mmol ZnCl2, 1.25 mmol DDT 205 5h
S6S2 0.4 mL S6 0.09 mmol Zn DTDC 135 2h 10m

S7D5S 2 mL S7D5 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D6S 2 mL S7D6 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D7S 2 mL S7D7 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D8S 2 mL S7D8 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D9S 2 mL S7D9 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h

S7D10S 2 mL S7D10 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D11S 2 mL S7D11 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h
S7D12S 2 mL S7D12 0.099 mmol ZnCl2, 0.6875 mmol DDT 205 4h

S8S1 1 mL S8 0.044 mL 0.1 M S(TMS)2 24 20m
S8S2 1 mL S8 0.044 mL 0.1 M S(TMS)2 120 20m
S8S3 1 mL S8 0.174 mL 0.1 M S(TMS)2, 0.174 mL 0.1 M Zn(OA)2 120 20m

S8D10S1 3 mL S8D10 0.130 mL 0.1 M S(TMS)2, 0.130 mL 0.1 M Zn(OA)2 120 20m
S8D10S2 3mL S8D10 0.290 mL 0.1 M S(TMS)2, 0.290 mL 0.1 M Zn(OA)2 120 20m
S8D10S3 3mL S8D10 0.510 mL 0.1 M S(TMS)2, 0.510 mL 0.1 M Zn(OA)2 120 20m
S8D11S1 3mL S8D11 0.889 mL 0.1 M S(TMS)2, 0.889 mL 0.1 M Zn(OA)2 120 20m
S8D11S2 3mL S8D11 1.297 mL 0.1 M S(TMS)2, 1.297 mL 0.1 M Zn(OA)2 120 20m
S8D11S3 3mL S8D11 1.798 mL 0.1 M S(TMS)2, 1.798 mL 0.1 M Zn(OA)2 120 20m
S8D12S1 0.75 mL S8D12 0.005 g Zn(SCNEt2)2 110 1h 30m
S8D12S2 0.75 mL S8D12 0.011 g Zn(SCNEt2)2 110 1h 30m
S8D12S3 0.75 mL S8D12 0.022 g Zn(SCNEt2)2 110 1h 30m
S8D12S4 0.75 mL S8D12 0.033 g Zn(SCNEt2)2 110 1h 30m
S8D12S5 0.75 mL S8D12 0.044 mL 0.1 M S(TMS)2 24 30m
S8D12S6 0.75 mL S8D12 0.108 mL 0.1 M S(TMS)2 24 30m
S8D12S7 0.75 mL S8D12 0.191 mL 0.1 M S(TMS)2 24 30m

S9S1 110 L S9 0.065 mL 0.1 M Se, 0.065 mL 0.1 M Zn(OA)2 240 30m
S9S2 110 L S9 0.065 mL 0.1 M Se, 0.065 mL 0.1 M Cd(OA)2 240 30m

S9D1S1 0.75 mL S9D1 0.072 mL 0.1 M Se, 0.072 mL 0.1 M Zn(OA)2 240 30m
S9D1S2 0.75 mL S9D1 0.195 mL 0.1 M Se, 0.195 mL 0.1 M Zn(OA)2 240 30m
S9D1S3 0.75 mL S9D1 0.072 mL 0.1 M Se, 0.072 mL 0.1 M Cd(OA)2 240 30m
S9D1S4 0.75 mL S9D1 0.195 mL 0.1 M Se, 0.195 mL 0.1 M Zn(OA)2 240 30m

S10D1S1 3 mL S10D1S1 0.300 mL 0.1 M S(TMS)2, 0.300 mL 0.1 M Zn(OA)2 200 20m
S11D1S1 3 mL S11D1S1 0.300 mL 0.1 M S(TMS)2, 0.300 mL 0.1 M Zn(OA)2 200 20m
S10D2S1 3 mL S10D1S2 0.120 mL 0.1 M S(TMS)2, 0.120 mL 0.1 M Zn(OA)2 210 20m
S10D2S2 3 mL S10D1S2 0.300 mL 0.1 M S(TMS)2, 0.300 mL 0.1 M Zn(OA)2 210 20m
S10D2S3 3 mL S10D1S2 0.550 mL 0.1 M S(TMS)2, 0.550 mL 0.1 M Zn(OA)2 210 20m
S10D2S4 3 mL S10D1S2 0.120 mL 0.1 M S(TMS)2, 0.120 mL 0.1 M Zn(OA)2 280 20m
S10D2S5 3 mL S10D1S2 0.300 mL 0.1 M S(TMS)2, 0.300 mL 0.1 M Zn(OA)2 280 20m
S10D2S6 3 mL S10D1S2 0.550 mL 0.1 M S(TMS)2, 0.550 mL 0.1 M Zn(OA)2 280 20m
S10D2S7 3 mL S10D1S2 0.120 mL 0.1 M S(TMS)2, 0.120 mL 0.1 M Zn(OA)2 120 20m
S10D2S8 3 mL S10D1S2 0.300 mL 0.1 M S(TMS)2, 0.300 mL 0.1 M Zn(OA)2 120 20m
S10D2S9 3 mL S10D1S2 0.550 mL 0.1 M S(TMS)2, 0.550 mL 0.1 M Zn(OA)2 120 20m
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Appendix D

CdSe quantum dot doping experiments

Table D.1: Experimental conditions of doping experiments conducted with CdSe quantum dot cores.

Sample Cores QD’s (nmol) Ratio QD:Yb Se precursor Ratio Yb:Se Reaction T (◦C)

P13D1 P13 140 1:30 Se in ODE 1:01 270
P13D2 P13 140 1:30 Se in ODE 1:05 285
P13D3 P13 140 1:30 Se in ODE 1:10 285
P13D4 P13 140 1:30 Se in ODE 1:20 285
P13D5 P13 140 1:30 Se in ODE 1:05 270
P13D6 P13 140 1:30 Se in ODE 1:10 270
P13D7 P13 140 1:30 Se in ODE 1:20 270
P13D8 P13 140 1:30 Bullen-Se 1:10 270
P13D9 P13 140 1:30 Bullen-Se 1:20 270
P13D10 P13 140 1:30 Bullen-Se 1:30 270
P9D1 P9 140 1:30 Se in ODE 1:10 270
P10D1 P10 140 1:30 Se in ODE 1:10 255
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