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Chapter 1

Introduction

1.1 The energy problem

The availability of energy in the form of fuel and electricity has become

a vital part of our modern way of life. This energy is not only needed to

heat our houses, power our appliances and run our cars and trains, it is a

necessity for industrial production; the food we eat and the products we

use all require an energy input. Our current way of life would be impossi-

ble without readily available cheap energy. The amount of energy that we

require to sustain this way of life increases continuously as the world popu-

lation grows and larger parts of the world become industrialized. To meet

the increasing energy demand we currently rely heavily on the combustion

of fossil fuels, an energy source that is limited, and thus unsustainable, as

well as polluting. Moreover, it is widely believed[1] that the rapid release of

sizable quantities of CO2 into the Earth’s atmosphere caused by the large-

scale combustion of fossil fuels can have a negative impact on the Earth’s

climate.

In view of these drawbacks of the use of fossil fuels as our primary source

of energy, as well as the growing energy demand, there is great need for the

1



2 Chapter 1. Introduction

further development of alternative, clean and renewable ways to produce

energy in order to make them more cost-effective and consequently reduce

our dependence on the combustion of fossil fuels.

1.2 Solar Energy

Solar energy is one of the most promising sources of clean renewable en-

ergy. The Earth’s atmosphere receives 1360Wm-2 of solar irradiation on

average[2] which means that the amount of energy that reaches the Earth’s

continents in the form of sunlight is 1800 times the current global energy

consumption[3]. Although in practice we will only be able to use a part of

this incoming energy, these numbers show that we have to harvest only a

fraction of the available solar energy to meet a significant part of our energy

demands. There are three common approaches to converting sunlight into

useful forms of energy: solar fuels, solar thermal energy conversion, and

photovoltaic energy conversion.

Solar fuels are fuels that are produced using abundant chemicals and sun-

light. Solar fuels can be produced directly through a photochemical pro-

cess, or indirectly with an intermediate energy conversion step like pho-

tovoltaic conversion[4]. Examples of solar fuels are hydrogen produced by

photoelectrochemical water splitting and products (methane, methanol) of

photochemical CO2 reduction.

Solar thermal energy conversion is a process where sunlight is converted

into thermal energy; this thermal energy is then converted into electrical

energy or used directly for heating. When using solar thermal energy to

produce electrical energy, a heat engine is used as an intermediary energy

conversion step. A heat engine converts thermal energy to mechanical work,

the mechanical work can then be used to power an electrical generator.

There are many types of heat engines but they all operate with the same

general principle: there are two heath baths, a hot source and a cold sink.



Chapter 1. Introduction 3

Thermal energy is transferred from the hot source to the cold sink and

in this process some of the energy is converted into mechanical energy,

for example by powering a steam turbine. Typically, the hot source is

heated by the energy source, in this case sunlight, and the cold sink is in

equilibrium with the surroundings. The maximum efficiency of the heat

engine is determined by the laws of thermodynamics and scales with the

relative temperatures of the two heath baths[5]:

ηmax = 1− Tcold
Thot

(1.1)

Increasing the efficiency of the heat engine, and thereby of the whole device,

can be achieved by increasing the temperature of the hot source. For solar

thermal devices, higher temperatures can be achieved using light concen-

tration. The highest efficiency currently reported for a solar thermal device

is 18.85 %[6].

This thesis will focus on the third approach: photovoltaic energy conver-

sion. Photovoltaic cells exploit the principle that a photon with an energy

higher than the semiconductor bandgap can promote an electron from the

valence band to the conduction band, creating an electron-hole pair. The

photon is absorbed in this process. Crystaline silicon, the most widely

used semiconductor for photovoltaic cells, has a bandgap of 1.1 eV. Conse-

quently, photons with an energy higher than 1.1 eV can be used to create

an electron-hole pair in crystalline silicon.

Electrons and holes from the electron-hole pairs that have been created by

absorption of sunlight have to be separated in order to use or store the

electrical energy. To this end, the band structure is altered by introducing

electronic dopants into the semiconductor. N-type dopants are introduced

on one side of the semiconductor. These dopants have an extra valence

electron, this electron is added to the conduction band, leaving behind an

extra positive charge on the atom. The positive charge lowers the effec-

tive band edge energy. P-type dopants are introduced on the other side of
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the semiconductor. These dopants have one valence electron less than the

semiconductor host, an electron from the valence band is donated to the

p-type dopant leaving a negative charge on the atom. This negative in-

creases the effective band edge energy. Both the p-type side and the n-type

side are connected to an electrode, this system (the p-n junction and the

electrodes) is also called a diode. The resulting band structure is shown

in figure 1.1. This band structure directs the electrons in the conduction

band towards the side where the conduction band is lowest (the n-doped

side) and the holes in the valence band towards the side where the valence

band is highest (the p-doped side), consequently the opposite charges are

extracted of opposite sides of the diode.

n-doped p-doped

+

light

Fermi-Energy

Conduction-band
edge

Valence-band
edge 

metal metal

Figure 1.1: Band structure of a p-n junction in a solar cell. Reproduced
with permission from reference[7]

Since the charge carriers are extracted from the conduction band and the

valence band the maximal potential that can be achieved is the bandgap of

the semiconductor, 1.1 V in the case of crystalline silicon. When a photon

with energy higher than the bandgap is absorbed charge carriers with excess

energy are created in the conduction and valence band. The excess energy

lost by thermalization: both charge carriers relax to their respective band

edges, transforming their excess energy into thermal energy. As a result,

the power output of a crystalline silicon solar cell depends on the number of

absorbed photons but is not increased by absorbing higher energy photons.
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Figure 1.2 shows the Air Mass 1.5 (AM 1.5) solar spectrum, which is the

standard terrestrial solar spectrum as used for measuring for example solar

cell efficiencies. Part of the sunlight that enters the Earth’s atmosphere is

lost due to reflections and absorptions before it reaches the Earth’s surface.

The solar spectrum before entering the atmosphere is called AM 0. AM 1.5

is a standardized spectrum that reflects the solar spectrum at the average

latitude of the 48 contiguous states in the USA[8]. This angle is also similar

to the average angle of the incident sunlight in those parts of the world with

the highest population densities and most industry, and consequently the

highest need for solar power installations: Europe, China, Japan and the

USA.

Figure 1.2: The AM 1.5 (blue line) and AM0 (green line) solar
spectra[8]. The black line at 1100 nm marks the absorption onset of crys-
talline silicon which can only absorb the part on the shorter wavelength
side of the black line. The longer wavelength part will be transmitted.
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Photons with energies lower than the bandgap cannot create an electron-

hole pair and will not be converted by the solar cell. Absorption of photons

with an energy higher than the bandgap will result in one electron-hole

pair and their excess energy will be lost. Shockley and Queisser calculated

that the maximum theoretical energy efficiency of a p-n junction silicon

solar cell under AM 1.5 illumination is 29 %[9] where a substantial part

of the efficiency loss is related to the spectral mismatch losses due to in-

complete absorption of the solar spectrum (transmission losses) and heat

generation due to relaxation of high energy charge carriers to the band

edges (relaxation losses).

1.3 Geometrical solar concentrators

An important limitation for large scale application of photovoltaic energy

is the cost. Although the cost of photovoltaic energy has seen a steady

decline over the years[10] in order to be competitive the cost needs to be

reduced even further. Since 70 % of the costs of silicon solar cells can

be attributed to the costs of the silicon wafer[11] reducing the amount of

crystalline silicon needed for the conversion of the same amount of sunlight

has a large potential for cost reduction of the system itself. Reduction

of the required amount of crystalline silicon can be achieved using solar

concentration; instead of capturing the sunlight directly with the solar cells,

the sunlight is collected by another medium and redirected from a large

collection area towards a smaller conversion area (the solar cell), thereby

replacing a large area of expensive semiconductor with a less expensive

material. Traditionally, solar concentration, for photovoltaics as well as for

solar thermal application uses mirrors and lenses to collect and redirect

the sunlight. It should be noted that aside from the system costs itself,

installation costs play a very important role, which means cost reductions

can be more readily achieved for systems that can easily be integrated in

buildings.
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An added benefit from using solar concentration for photovoltaic applica-

tion is that the efficiency of the solar cell increases with increasing light

concentration. The efficiency of the solar module equals the power output

divided by the power input. The power output POut scales with the product

of the short circuit current JSC and the open circuit voltage VOC :

η =
Pout
Pin
∝ JSc · VOC

Pin
(1.2)

Since the number of charge carriers produced scales linearly with the num-

ber of photons absorbed, the short circuit current scales linearly with the

concentration factor. The VOC increases approximately logarithmically

with increasing short circuit current following[12]:

VOC =
kT

q
ln
JSc + J0

J0
(1.3)

Consequently, the efficiency increases with increasing concentration follow-

ing the increase in open circuit voltage.

The ability to concentrate light using geometrical optics like mirrors and

lenses is limited by the second law of thermodynamics which states that the

entropy of an isolated system never decreases. Mirrors and lenses redirect

light with reflection and refraction, processes which do not involve a change

in energy. A process based solely on reflection and refraction cannot lead

to a decrease in entropy. Etendue, the product of the illuminated area and

the solid angle from which this area can receive light, is directly related to

the entropy and can, consequently, not be decreased by a system based on

reflection and refraction alone. Conservation of etendue limits the maxi-

mum concentration factor CMax that can be achieved by geometrical optics

to the value given by equation 1.4[13]:

CMax ≤
n2 sin2 θout

sin2 θin
(1.4)
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where n is the refractive index of the refractive (or reflective) material and

θin and θout are the maximum incident and maximum output angles of the

light. The maximum output angle can be taken as 90◦. For diffuse light,

which comes in from all angles, the maximum incident angle has to be taken

as 90◦ as well and equation 1.4 reduces to:

CMax ≤ n2 (1.5)

which means that diffuse sunlight can only be concentrated by geometri-

cal optics to a certain degree: typical materials, like glass and PMMA,

used for geometrical optics have a refractive index of ∼ 1.5, limiting the

maximum concentration of diffuse sunlight to ∼ 2.25. For direct sunlight

the acceptance angle θin is very small and high concentration factors can

be achieved. Concentration factors as high as 84000 have been reported

for geometrical concentrators using direct sunlight[14]. However, since the

sunlight always needs to fall onto the concentrating system with the same

angle to achieve these high concentration factors, and since the sun moves

across the sky continuously, these concentrators have to be combined with

an expensive solar tracking system[15].

1.4 Luminescent solar concentrators

The luminescent solar concentrator (LSC) is an approach to concentrating

sunlight with a little twist: a LSC concentrates light spectrally as well

as geometrically. In a LSC, light is collected using a sheet of transparent

material. Luminescent centers that absorb the sunlight and re-emit light at

a longer wavelength are introduced into the LSC. Solar cells are connected

to one or more sides of the transparent matrix. The light emitted by the

luminescent centers reaches this side of the LSC where it is absorbed by

the solar cell and converted into electrical energy. The emitted light that

reaches the other surfaces of the transparent matrix is reflected back into
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the LSC where it can be reflected again multiple times until reaching the

solar cell. Figure 1.3 shows a schematic drawing of a LSC.

solar cell

escaping ray

luminescent centre

light trapped by 
total internal reflection

incident light

transmitted radiation

Figure 1.3: Schematic representation of a LSC consisting of a plate
of transparent material containing luminescent centers. A solar cell is
applied on the side of the LSC and the LSC is exposed to solar radiation

from the top. Reproduced with permission from reference[7]

One of the advantages of LSCs as compared to non-luminescent solar con-

centrators is that it can circumvent the limited concentration factors caused

by the requirement of etendue conservation for purely geometrical concen-

trators. The photons that are absorbed by the luminescent centers are

re-emitted with a lower energy, the energy difference is converted into heat.

It should be noted that this loss of energy does not decrease the efficiency

of the solar module since energy in excess of the band-gap energy is not

converted into electrical power, as discussed above. Because of the en-

tropy increase associated with the emission process, it is possible to get an

entropy decrease caused by a decrease in etendue without decreasing the to-

tal entropy of the system. It was first shown by Yablonovitch[16] that high

concentration factors that cannot be reached by purely geometrical solar
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concentrators are thermodynamically possible for LSCs. As a consequence,

LSCs, while still maintaining the advantage of reducing the amount of ex-

pensive solar cells necessary for photovoltaic conversion, have an advantage

over geometrical concentrators in concentrating diffuse sunlight and as a

result do not require expensive tracking systems.

Another benefit of LSCs is their versatility. Unlike solar cells and tra-

ditional concentrator systems they can be designed in a wide variety of

shapes and colors. They can even be semi-transparent. This versatility,

combined with the fact that they can convert diffuse sunlight makes them

ideal for building integration, where they can cover surfaces of any shape,

and different colors can be made based on different luminescent centers.

Semi-transparent LSCs can be applied as colored energy producing win-

dows. The effective decrease in installation cost that comes with using

building-integrated photovoltaics might well be one of the strongest points

of the LSC concept.

Although the concept of LSCs is as old as 1976[17], it has still not been

implemented on a large scale. The main reasons for this are the low ef-

ficiency and the limited stability of existing LSCs. To better understand

what limits the efficiency of current LSCs, we will discuss the different loss

mechanisms that occur in the system. Figure 1.4 is a schematic represen-

tation of the different processes that can occur when a photon reaches the

LSC.

When it comes to designing a LSC, there is a range of possible configura-

tions for the position of the solar cell and mirrors. Figure 1.4 shows the

most traditional and straightforward design of a LSC that consists of a

transparent material that contains luminescent centers. On the large top

surface the light is collected and on the opposite surface light may be re-

flected back into the LSC by a mirror (not in the configuration of Fig. 1.4).

Photovoltaic cells are placed on the sides.

The numbered lines depict the following processes:
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Figure 1.4: Schematic representation of a LSC and the different pro-
cesses that can occur after a photon reaches the LSC.

1. The incoming photon passes through the LSC without being ab-

sorbed.

2. The photon is absorbed by the transparent matrix followed by non-

radiative dissipation.

3. The photon is absorbed by the luminescent center, a new photon is

emitted in the escape cone (vide infra) and the photon leaves the

LSC.

4. Process 2 occurs for the re-emitted photon.

5. The photon is absorbed by the luminescent center but the energy is

lost non-radiatively.

6. The photon is absorbed by the luminescent center, the emitted photon

is re-absorbed and re-emitted in the escape cone, and the photon

leaves the LSC.

7. The photon is absorbed by the luminescent center, a new photon is

emitted and reaches the PV cell.
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8. The photon reaches the PV cell after one or more re-absorption and

re-emission events.

Processes 7 and 8 result in photons reaching the PV cell, in all other pro-

cesses the photons are lost and will not be converted into electrical energy.

Let us discuss the different loss mechanisms in a little more detail.

Transmission losses, as shown in process 1 occur because the luminescent

centers incorporated in the LSC do not absorb all the photons in a single

pass. There are two approaches to reducing transmission losses: either the

pathlength of the light passing through the LSC can be increased, or the

absorption of the LSC can be increased. The first approach can be realized

by increasing the thickness of the LSC and by using reflective optics: using

a mirror backplate. The second approach (increasing the absorbance of the

LSC) can be achieved either by increasing the concentration of luminescent

centers or by using luminescent centers with a higher absorption cross-

section.

Parasitic absorption processes like process 2 and 4 in figure 1.4 occur when

the light is absorbed by the host material. Process 3 can be reduced by in-

creasing the transparency of the matrix and by increasing the absorbance

of the luminescent centres: stronger light absorption by the luminescent

centers reduces the probability for parasitic absorption. To decrease par-

asitic absorption related to process 4, the material properties need to be

tuned so that the emission of the luminescent center falls in a spectral re-

gion where the matrix is highly transparent. Decreasing the dimensions of

the LSC will reduce the path length of the photon through the LSC and

thereby reduce the fraction of photons lost through this process. Since a

large fraction of the photons that are emitted by the luminescent centers

will be reflected many times before reaching the photovoltaic cells, and will

therefore travel a long distance through the matrix, tuning the emission of

the luminescent centers to a high transparency region of the matrix is of vi-

tal importance to realize an efficient LSC. The choice of matrix material is
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limited by cost considerations; large volumes of this material are necessary

to produce a LSC, consequently, the matrix should not only be transparent,

durable, have a high refractive index, as will be discussed below, and be

suitable for integration of luminescent centers, it should also be cheap. The

emission properties of the luminescent centers should therefore be tailored

to the transparent regions of the matrix material, keeping in mind that

the emission should still be at an energy higher than the band-gap of crys-

talline silicon and, as will be discussed below, have minimal overlap with

the absorption spectrum. Possible options for the transparent matrix are

glass and transparent plastics like PMMA and polycarbonate. In terms of

procesability, costs and transparancy PMMA is a preferred candidate[18].

Figure 1.5 shows transmission spectrum of PMMA plates of several differ-

ent thicknesses. The transmission of PMMA exceeds 90 % in a 100mm

plate of PMMA for almost the entire visible spectrum (420-700 nm), the

loss in this part of the spectrum is equal for all thicknesses and can be

attributed to surface scattering. There are some absorption features, the

transmission going down to 85 % in the near infrared between 700 and 850

nm. Above 850 nm the transmission rapidly drops below 50 %. When

using PMMA as a host material the luminescent centers should emit at

a wavelength below 850 nm to keep parasitic absorption of the host low.

A detailed and quantitative analysis of loss processes in PMMA LSCs has

been reported by Thomas et. al.[19].

Escape losses, such as depicted in processes 3 and 6 are limited due to the

phenomenon of total internal reflection. Total internal reflection occurs for

photons coming from a medium with a higher refractive index than the

adjacent medium when they reach the surface at an angle that exceeds a

certain critical angle. These photons will be reflected back into the high

refractive index medium at an angle that causes them to reach the next

surface at an angle exceeding the critical angle again, thus being trapped

inside the medium until it gets absorbed or reaches an interface with a

material with a higher refractive index. The critical angle θc can be derived

from Snell’s law. Light approaching the surface with an angle smaller than
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Figure 1.5: Transmission spectra PMMA samples with a thickness of
3, 100 and 200 mm.

θc however, will not be reflected back into the high refractive medium and

can escape. For an isotropic emitter this leads to a so-called escape cone

losses that are determined by the refractive index of the medium. For a

higher refractive index, the escape cone losses are reduced.

For a PMMA-air interface where the refractive indexes are ∼ 1.5 and 1

respectively, and θc = 42◦. The escape cone losses in a LSC without a

backreflecting mirror can be calculated to be 25 % using:

PTIR =

√
1− 1

n2
(1.6)

where PTIR is the probability for total internal reflection and the escape

cone losses are 1 - PTIR. Using a mirror backplate is an effective way to

reduce escape losses by a factor of 2. Another approach to minimize escape

losses is the use of a wavelength selective reflective coating, for example a
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dichroic mirror. Dichroic mirrors are made from transparent materials with

a periodic refractive index variation in alternating thin layers of different

refractive index material. Their function is based on Bragg-reflection of

incident light and specifically on destructive interference of light that has

a wavelength of four times the layer thickness[20]. Dichroic mirrors can

have a high reflectivity for a narrow spectral band. If the a narrow band

emission of the luminescent centers in the LSC is matched to the reflectivity

of dichroic mirrors on the surfaces of the LSC, all emission is reflected

back into the LSC, thus reducing the escape cone losses (at the expense of

reflection of the incident solar light in the spectral range of high reflectivity

of the dichroic mirror). A disadvantage is the cost of dichroic mirrors which

is high since they are generally made using vacuum deposition processes.

An alternative is a cholesteric filter. Cholesteric filters are based on a

liquid crystal in which the molecules are oriented in a helical structure.

These filters typically have a reflection wavelength bandwidth of 50nm for

a specific angle of incidence but it has been shown that this bandwidth

can be increased by introducing a gradient in the pitch of the cholesteric

helix[21]. To trap the emitted light inside the LSC, the emission wavelength

(or in the case of a broader emission band, all wavelengths within this band)

need to be reflected for all angles between 0◦ and 42◦: the angles that are

not subject to total internal reflection.

Losses related to the non-radiative decay of the luminescent centers as

shown in process 5 are inherent to any luminescent material with a non-

unity quantum yield and can only be reduced by increasing the quantum

yield of the luminescent material.

1.5 Luminescent materials

Now that the basics of the LSC and have been outlined we will focus on

optimization of the system performance, especially for the characteristics
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of an ideal luminescent material for the LSC and how to approach these

characteristics in practice.

The luminescent material should have an emission in the near infrared

with an energy higher than the bandgap of crystalline silicon (> 1.1eV or

< 1130nm). When working in a PMMA matrix which absorbs a significant

amount of light with wavelengths above ∼ 870 nm the emission wavelength

should be < 870 nm. This emission should be a line or narrow band to

reduce reabsorption and increase compatibility with wavelength selective

reflection coatings. The material should be a strong absorber over a broad

range of wavelengths to be able to convert a large fraction of the solar

spectrum. The absorption should range from the UV (∼ 300 nm) to the

red (∼ 700nm) and have a minimal overlap with the emission to prevent

reabsorption. The material should either be of the same refractive index

as the transparent host, or consist of particles that are significantly smaller

than the wavelength of visible light to reduce elastic scattering. Further-

more, it should have a high quantum efficiency and be stable (under solar

illumination) over a large period of time, preferably decades, the typical

operating time of a solar cell.

Due to their high luminescent quantum yield, low price and flexibility and

ease of incorporation in plastic, organic luminescent dyes are the traditional

choice for luminescent materials in LSCs. However, dyes suffer from pho-

todegradation. Moreover, for luminescent dyes there is always an overlap

between emission and absorption bands, resulting in self-absorption related

losses in a LSC system. It should also be noted that presently available

efficient (high luminescent quantum yield) dyes emit in the visible region

while an ideal luminescent species would emit in the NIR. Luminescent

dyes also suffer from a relatively narrow absorption bandwith. To realize

absorption over the full range of the solar spectrum multiple LSC plates

with different luminescent dyes absorbing in different spectral regions can

be used[22].
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Alternative classes of luminescent materials are inorganic phosphors or lu-

minescent semiconductor nano-crystals, known as quantum dots (QDs).

Some of the requirements mentioned above can be (partially) met by in-

organic phosphors and QDs. QDs are typically 2-10 nm which is much

smaller than the wavelength of light, giving rise to negligible light scat-

tering, allowing for fully transparent LSCs. QDs absorb strongly over a

broad spectral range and show efficient luminescence with quantum yields

up to 90 %. Both absorption and emission are tunable over a wide spectral

range by merely varying the size of the QDs. For application in LSCs, a

significant challenge is the large overlap of the QD emission and absorption

band, which causes reabsorption of the emitted light. The problem of reab-

sorption can be solved by decoupling the absorption from the emission. In

the next section we will discuss how decoupling of absorption and emission

can be done in inorganic phosphors using a sensitizer-activator pair. In

a similar manner incorporation of efficiently luminescing transition metal

or lanthanide ions into QDs, can enable energy transfer from the absorb-

ing QDs to the luminescent ion with the desired emission properties, not

overlapping with the QD absorption. Consequently, QDs doped with lumi-

nescent ions are a very promising candidate as a luminescent material for

LSCs but doping luminescent ions (especially lanthanide ion) into quantum

dots remains a challenge and is addressed in this work.

1.5.1 Inorganic phosphors

Phosphors are solids that convert energy into electromagnetic radiation

through any other process than thermal (black body) radiation[23]. There

are many classes of phosphors used for example in electroluminescence (ex-

citation from an electric voltage), chemiluminescence (excitation from a

chemical reaction), triboluminescence (mechanical excitation) or x-ray lu-

minescence (excitation by x-rays). In the present work we are mainly inter-

ested in photoluminescent phosphors: phosphors that can be excited using

electromagnetic radiation and in particular in photoluminescent phosphors
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that can be excited with wavelengths of electromagnetic radiation that are

provided by sunlight.

The simplest example of an inorganic photoluminescent phosphor is a lu-

minescent ion doped into a crystal. The crystal is generally referred to as

the host lattice, and the luminescent ion is referred to as the activator.

In this example the activator is excited by directly absorbing electromag-

netic radiation and returns to the ground state through radiative emission.

When the absorbing species and the emitting species are two different ions,

the absorbing species is referred to as a sensitizer while the emitting ion is

still called the activator. In such a system, the sensitizer is excited through

absorption of radiation but instead of returning to the ground state radia-

tively the sensitizer returns to the ground state by transferring the excita-

tion energy to the activator. In this work, we will synthesize and analyze

doped QD systems where the QD functions as both the host lattice and

the sensitizer and the incorporated ions functions as activator.

There are two types of luminescent ions that are commonly used as dopants

in inorganic photoluminescent phosophors: transition metal ions (TMIs)

and lanthanide ions. Transition metals are the elements in the periodic

table where the 3d, 4d or 5d shell is filled with electrons. Excitation and

emission from these ions involve transitions within the d-shell electron con-

figuration. These transitions of electrons within the d-shell are referred to

as d-d transitions. The d-d transitions typically have broad emission and

excitation/absorption bands. The position of the bands is strongly depen-

dent on the host lattice through the crystal field splitting and covalency

effects. With their broad absorption and emission bands TMIs can be used

both as sensitizers and as activators. Due to the large overlap between

absorption and emission wavelengths unsensitized TMIs are in general not

ideal for LSC phosphors. To prevent self-absorption one can use a sensitized

TMIs with a forbidden emission transition. Since the reverse transition will

also be forbidden for excitation, self-absorption will be minimized while ex-

citation, which occurs through energy transfer, will not be affected. In this
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work we will use the TMI Mn2+ as activator in a ZnSe and ZnTe hosts.

In Figure 1.6 the energy level diagram of Mn2+ is shown. In this so-called

Tanabe-Sugano diagram the energy levels are shown as a function of the

crystal-field splitting ∆. On the left axis the free ion term symbols for

energy levels arising from electrostatic interaction between the 3d electrons

in the free ion are given. For Mn2+ (3d5) the free ion ground state is

6S with free ion excited states 4P, 2G, 2H, 2P and 2D. In an octahedral

or tetrahedral coordination of ligands (anions surrounding Mn2+) the free

ion states split up in a number of energy levels. In the Tanabe-Sugano

diagram the splitting is plotted as a function of the crystal-field splitting

∆. The splitting can be derived using group theory and the energy levels

are labelled by symbols for the irreducible representations in the tetrahedral

or octahedral symmetry group (A1, A2, E, T1 and T2). The number in the

left upper corner represent the spin multiplicity and is the same as for the

free ion levels since it is not affected by the crystal field. For a certain

coordination of ligands the crystal field splitting ∆ has a specific value and

the energy levels for Mn2+ in a host with this value of ∆ can be found at a

vertical line intersecting the x-axis at ∆. The Tanabe-Sugano diagrams are

scaled to B, the most important Racah parameter describing the splitting

of the free ion states due to electrostatic interaction. Typically, B is in

the range 500 to 1000 cm−1. In more covalent hosts the Racah parameter

B is reduced as a result of an expansion of the 3d electron wavefunction

over the ligands, thus reducing the interaction between the 3d electrons.

Transitions within the 3d5 configuration are all parity forbidden since the

electronic configuration in the ground and excited states is the same (3d5

for Mn2+). Some d-d transitions are also spin-forbidden, which is the case

when the spin-multiplicity charges. For Mn2+ all transitions between the

ground state (6A1) and excited states (with spin multiplicity 2 or 4, never

6) are spin- and parity forbidden. This results in weak absorption and

long emission life times. As indicated above, the weak re-absorption makes

Mn2+ a suitable activator in LSCs.
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Figure 1.6: Tanabe-Sugano diagram for the 3d5 configuration of Mn2+

showing the energy levels of Mn2+ as a function of the crystal field split-
ting ∆

Lanthanides form a special group of elements where the inner 4f shell is filled

with up to 14 electrons. The most common valence state of lanthanides

is 3+ (Ln3+). Trivalent lanthanides have a partially filled 4f-shell. The

electrons in the inner 4f shell are shielded by the filled 5s2 and 5p6 shells.

The unique optical properties of lanthanide ions arise from the rich energy

level structure for the 4fn configuration. A multitude of energy levels arises

from the different energies for the various electron configurations within the
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4fn shell due to electrostatic interactions and spin-orbit coupling. The levels

are labeled by free ion term symbols. Due to the shielding of the 4f electrons

by the filled 5s and 5p shell, the crystal field splitting is weak and the

energy levels of lanthanides are only weakly influenced by the surrounding

ligands. An overview of the energy levels of all Ln3+ ions can be found

in Ref.[24]. The energy levels are situated in the UV, visible and NIR

spectral range. Excitation and emission spectra of trivalent lanthanides

are dominated by the sharp lines that are characteristic for f-f transitions.

While their parity forbidden narrow absorption lines makes them unsuitable

as sensitizers, their narrow line-shaped emission peaks make them ideally

suited as activators for LSC phosphors due to both the prevention of self-

absorption and the potential for working with wavelength selective filters

for the spectrally narrow emission lines. In this work we use the lanthanide

ion Yb3+ as an activator. The Y3+ ion has 13 f-electrons and only has

a single excited state (2F5/2) which is located 1.25 eV above the ground

state (2F7/2) and phosphors containing an Yb3+ ion as activator emit in

the NIR at 1000 nm, just above the bandgap of crystalline Si.

1.5.2 Quantum Dots

In day to day life we routinely encounter size-dependent properties of all

sorts of objects. Take two ice cubes of different sizes and the differences

will be obvious, the mass is different, the amount time it will take for the

ice to melt in your drink is different and the amount of light that will

come through the ice cube if you hold it between your eye and a lamp

is different. However, when it comes to material properties, we are used

to thinking of them as being size-independent. The density (volume/mass

ratio) is the same for both ice cubes, as are the melting temperature and

color. Indeed, for macroscopic (bulk) materials the size-independence of the

material properties holds true. This changes when we reach the nanoscale
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regime (1-100 nm) where some material properties become (strongly) size-

dependent. In this size-regime, particles become so small that charge car-

riers and vibrations become spatially confined and the surface to volume

ratio increases rapidly with decreasing size. This leads to a variety of in-

teresting size-dependent effects, like a size dependent melting point. The

effect is however best demonstrated through the size-dependent optoelec-

tronic properties of semiconductor NCs (QDs). When the size of the NC

becomes comparable to the dimensions of an electron-hole pair (the exci-

ton Bohr radius), the exciton becomes spatially confined and its energy is

increased. When the exciton energy increases, the bandgap increases and

the absorption and emission spectra shift to shorter wavelengths with de-

creasing size. This effect is called the quantum confinement effect. The

large effect that this size-dependence can have and the high degree of con-

trol this gives us over the opto-electronic properties of semiconductor NCs

is demonstrated in figure 1.7. Figure 1.7 shows a series of five different

samples of colloidal CdSe QDs of different sizes with colors going from blue

to red with increasing QD size from 1.5 to 6 nm. In order to get a good un-

derstanding of the opto-electronic properties of QDs we need to understand

the electronic structure of semiconductors. We will first discuss a quantum

mechanical description of bulk semiconductors using perturbation theory

and then move on to a discussion of how quantum confinement affects the

opto-electronic properties for nanoscale semiconductor materials.

Electrons in a semiconductor experience a periodic potential as a result of

interaction with the (periodic) crystal lattice. To give a simple description

of this situation we will discuss an electron experiencing a one-dimensional

periodic potential, this description can later be expanded to three dimen-

sions. The energy levels of such a system are determined by the Hamilto-

nian:

H = H◦ + V (x) = − ~2

2m

∂2

∂x2
+ V (x) (1.7)
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Figure 1.7: Photograph of five samples of luminescent colloidal CdSe
QDs of different sizes under ultraviolet excitation. The size of the QDs
dictates both the color of the sample and the color of the light emitted

by the sample. Reproduced with permission of M. Vis.

Where H◦ is the kinetic energy operator and V (x) is the periodic potential.

The periodicity of the potential in a crystal is equal to the lattice constant

a and since V (x) is periodic: V (x) = V (x+ a). After applying a transla-

tion over a distance a to the wavefunction ψ(x), the Schrödinger equation

(HΨ = EΨ) can be given as:

− ~2

2m

∂2

∂x2
Ψ(x+ a) + V (x)Ψ(x+ a) = EΨ(x+ a) (1.8)

Since after translation by a distance a, the eigenvalue E of the wavefunc-

tion should be unchanged, the wavefunctions ψ(x) and ψ(x+ a) should be

different only by a phase-factor. A wavefunction that obeys this criterion

is given by the Floquet theorem[25]:

ΨBloch,k(x) = eikxVk(x) (1.9)
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Where k is the wavevector (k = 2π/λ) and Vk(x) is a function that is pe-

riodic with the lattice constant (Vk(x) = Vk(x+ a)). The wavefunction

ΨBloch,k k is called a Bloch function and it consists of a plane wave (eikx)

and a periodic function (Vk(x)) that modulates the plane wave. To illus-

trate that only the phase changes when translation the Bloch function over

one lattice constant we translate equation 1.9 over a distance a, which gives:

ΨBloch,k(x+ a) = eik(x+a)Vk(x+ a) = eikaeikxVk(x) = eikaΨBloch,k(x)

(1.10)

A free electron in vacuum does not experience any periodic potential and

can be described using only a plane wave:

Ψ(x) = eikx (1.11)

The energy levels of such an electron can be calculated using the Schrödinger

equation, the eigenvalues given by the dispersion relation:

Ek =
~2k2

2m0
(1.12)

Where m0 is the mass of the electron. The continuum in energy levels

resulting from the quadratic relation between energy and wavevector is

shown in figure 1.8A.

For an electron in a semiconductor crystal, the dispersion relation is per-

turbed by the periodic potential, resulting in an important change in the

energy level structure. Electrons with a wavelength that is very different

from the periodicity of the lattice are only slightly affected by the periodic

potential and are consequently similar in energy to free electrons. When

the electron wavelength approaches twice the lattice spacing (k = π
a ), in-

teraction with the periodic lattice will cause the electrons to experience
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Bragg reflections. The Bragg reflection results in a linear combination of

the plane waves k = π
a and k = −π

a , which gives two standing waves (Ψ+
Bloch

and Ψ−Bloch) that are identical aside from a displacement along x of a
2 . The

first standing wave concentrates the electron probability at the positively

charged nuclei, thereby lowering the potential energy. The other standing

wave concentrates the electron probability in the gaps between the nuclei,

thereby increasing the potential energy. The energy difference between the

two standing waves results in two different energies for the same k value

which results in an energy gap in the dispersion relation. Due to the pe-

riodicity (a) of the lattice these Bragg reflections occur whenever k = nπ
a

(where n is an integer). The dispersion relation of an electron in a one

dimensional periodic lattice is shown in figure 1.8B. In figure 1.8C we give

the reduced zone representation of the dispersion relation shown in figure

1.8B. In this representation only the first Brillouin zone (−π
a < k < π

a ) is

depicted, k values where |k| > π
a are shifted to the first Brillouin zone by

moving them an integer times 2π
a . We can use this simplified representa-

tion since k values differing integer times 2π
a are equivalent due to a 2π

a

periodicity in k of the Bloch function, which can be derived from equation

1.10. In the reduced zone representation of the dispersion relation shown

in figure 1.8C one can observe that the energy levels coming from the same

Brillioun zone form separate energy bands, the band gaps are located at

k = π
a and k = 0.

When expanding this picture from one dimension to three dimensions the

principle remains the same, but the periodic potential becomes drastically

more complex. Bragg reflections still occur for k-values that have the same

periodicity of the lattice, but the periodicity of the lattice now depends

on the direction of the electron wavefunction in the lattice. Imagine the

case of the simplest three-dimensional structure, a crystal with a primitive

cubic lattice. An electron traveling in the < 100 > direction will experience

Bragg reflections at k = π
a as in the one dimensional case, but an electron

traveling in the < 110 > direction will experience a different periodicity and

Bragg reflections will occur at k =
√

2πa , in the same manner an electron
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Figure 1.8: Dispersion relation of a free electron in vacuum (A), and
for an electron in a one dimensional periodic potential with periodicity
a (B). (C) Reduced zone representation of the dispersion relation shown

in B. Reproduced with permission from reference[26]

travelling in the < 111 > direction will have Bragg reflections at k =
√

3πa .

As a result, band gaps can arise not only at k = 0 and k = π
a , but also at

k =
√

2πa and k =
√

3πa . As the crystal lattice becomes more complex, so

does the electronic structure. It is difficult to draw a dispersion relation for

a three dimensional crystal and consequently the band structure of a three

dimensional crystal is usually presented in the form of a band diagram.

In a real crystal, the higher energy bands are empty and the lower energy

bands are filled with electrons. A metallic substance has an energy band

that is partially filled and partially empty. Electrons can occupy vacant

states at slightly higher energies in the band and as a consequence they can

move freely through the material. In an insulator and in a semiconductor

all bands are either completely filled or completely empty at 0 K. The

highest occupied energy band is referred to as the valence band and the

lowest unoccupied band is referred to as the conduction band, the energy

difference between these two bands is called the band gap. When the

bandgap is small enough (< ∼ 4 eV) to allow to some degree of thermal

excitation of electrons from the valence band to the conduction band the
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material is classified as a semiconductor, while for higher bandgaps the

material is classified as an insulator.

Thus far, we have restricted ourselves to describing a system in equilibrium.

For practical purposes however, the system becomes more interesting when

it starts interacting with their surroundings. A semiconductor material can

absorb photons that have an energy which exceeds the bandgap. When a

photon is absorbed, the photon energy is used to promote an electron from

the valence band to the conduction band. To describe the resulting system,

we need not only consider the electron in the conduction band, we also need

to consider the valence band, which now has one electron less. Instead of

trying to describe every electron in the valence band, we will describe the

absence of the one electron from the filled valence band by introducing a

quasi-particle called a “hole”. Since the hole quasi-particle describes the

absence of one electron, it has the same spin quantum number: s = 1
2 as

an electron, likewise, as it describes one absent electron it should have

the opposite charge of an electron, so a hole has the positive charge e+.

Since the two particles are (oppositely) charged, they will interact through

Coulomb interaction. We will describe the resulting electron-hole pair as

another quasi-particle: the “exciton”, referring to the fact that having an

exciton is an excited state. To define the energy of this exciton we use

the analogy of a hydrogen atom which also consists of an equal positive

and negative charge. To do this quantitatively we first have to introduce

the concept of effective mass. The effective mass is used to describe the

difference in mobility between a free electron and an electron or a hole

interacting with a periodic lattice: the lower the effective mass of a charge

carrier, the higher the mobility. Using the effective masses of an electron

and hole (m∗e and m∗h), we can express the energy of the excited state using

the following dispersion relation[25]:

En = Eg −
R∗Y
n2

+
~2K2

2(m∗e +m∗h)
(1.13)
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Where Eg is the bandgap, the potential energy is described as a set of

hydrogen-like energy levels in the second term where R∗Y (the exciton Ryd-

berg energy) is the equivalent of the Rydberg energy (the ionization energy

of the hydrogen atom) for the exciton. In the kinetic energy term K is

the exciton wave vector and m∗e +m∗h is the effective mass of the exciton.

Following the analogy of the hydrogen atom, we can also define the most

probable distance between the two charge carriers in an exciton. Since this

distance is called the Bohr radius in a hydrogen atom, we refer to it as

the exciton Bohr radius (aex) in the case of an exciton. This exciton Bohr

radius can then be given as[19]:

aex = 4πε0
ε~2

µehe2
= 0.053nm · ε µH

µeh
= 0.053nm · εm0

µeh
(1.14)

Where ε0 and ε are the dielectric constant in vacuum and the semiconductor

material respectively, e is the electron charge, µeh is the reduced mass of the

electron-hole pair and µH is the reduced mass of the hydrogen atom, which

is approximately the same as m0, the mass of a free electron. Typical

exciton Bohr radii are 1-10 nm[25], depending on the effective mass and

dielectric constant of the specific semiconductor.

Interesting effects occur when the dimensions of the semiconductor are re-

duced to the nanoscale and approach the size of the exciton Bohr radius.

Since the exciton can only exist within the semiconductor material, it can

be seen as a particle in a box, where the dimensions of the nanocrystal are

the dimensions of the box. When these dimensions are of the order of the

exciton Bohr radius or smaller, the exciton becomes spatially confined, and

like a particle in a box, the energy increases when the box becomes smaller.

The size-dependent opto-electrical properties of nanocrystals caused by spa-

tial confinement of the exciton are generally referred to as quantum con-

finement. For the purposes of this introduction we will discuss quantum

confinement in spherical semiconductor nanocrystals: quantum dots. In

these particles the exciton is spatially confined in all three dimensions by
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the edges of a spherical particle, consequently we will describe the exci-

ton as a particle in a spherical box. To correct for the confinement of the

exciton we multiply the Bloch wavefunction by an envelope function that

describes the confinement effects:

Ψtotal = ψBloch · φenvelope (1.15)

Where the envelope function is the wavefunction of a particle in a spherical

potential, which is given by[25]:

φenvelope(θ,Φ, r) = Y m
l (θ,Φ) ·R(r) (1.16)

Where Y m
l (θ,Φ) are the spherical harmonics and R(r) is the radial Bessel

function. The eigenvalues obtained when inserting equation 1.9 in the

Schrödinger equation with a spherical potential (potential is 0 inside the

particle and infinite outside) are given by[25]:

Econfn,l =
2~χ2

nl

m∗D2
(1.17)

Where Econfn,l is the confinement energy of the electron or the hole, D is the

diameter of the QD, m∗ is the effective mass of respective charge carrier

and chinl are the roots of the Bessel function. As a result of the spherical

Bessel function, the energy levels are dependent on the principal quantum

number n and the azimuthal quantum number l, which are both quantized.

Consequently the energy levels themselves are also quantized. Like with

the hydrogen orbitals, the quantized energy levels of the QD can also be

labeled by the n and l quantum numbers (nL, where n=1,2,3. . . and L=

S,P,D. . . for l = 0,1,2. . . ), and have the same symmetry as the orbitals

with equal azimuthal quantum number in the hydrogen atom. Different

from the hydrogen atom (where l ≤ n− 1), and as a direct result of the

difference in the potential function (a particle in a sphere as opposed to a
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Coulombic interaction) there are no restriction on the azimuthal quantum

number with respect to the principal quantum number. After the lowest

energy level, 1S, the next lowest level is a 1P level, followed by a 1D level

before a 2S level is reached. To calculate the bandgap in a QD, one needs

simply to increase the bulk band gap by the confinement energy of the

lowest energy state of both charge carriers:

EQDg (D) = E0
g + E

e(confined)

n,l + E
h(confined)

n,l = E0
g +

2~χ2
10

m∗eD
2

+
2~χ2

10

m∗hD
2

(1.18)

Notice that, since the electron and hole effective masses are not equal, the

shift of the band edge as a function of particle size is different for the va-

lence band and conduction band. It should also be mentioned that this

description does not include Coulomb interaction between the electron and

the hole in the exciton. In the strong confinement regime (D � aex) the

kinetic energy contribution is much larger than the Coulomb contribution

and the Coulomb interaction can be neglected in first approximation. For

more precise calculations Coulomb interaction (and also other effects) can

be added as a first order energy corrections. Using the simple calculations

given above, we have derived the two most important effects of quantum

confinement: the size dependence of the bandgap and the discrete energy

levels at the band edges. Both effects are illustrated in figure 1.9 which

schematically shows the influence of particle size on the QD energy struc-

ture.

Now that we have a good understanding of the electronic structure of QDs,

let us discuss their applicability as luminescent materials for LSCs. Since

the bandgap of a QD can be tailored to any energy in the visible and NIR

regions by choosing a combination of QD size and composition, QDs are

ideally suited as an absorber material to absorb a maximum amount of

sunlight in a broad and well-defined spectral region. However, when using

QDs as both absorbing and emitting species self-absorption can become a
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Figure 1.9: Schematic representation of the effect of quantum confine-
ment on QDs. Reducing the particle size increases the bandgap energy
and increases the separation between discrete energy levels at the band

edges. Reproduced with permission from reference[27]

serious drawback for application in a LSC. QD emission occurs from the

lowest excitonic state and the emission is resonant with the absorption on-

set. This results in significant reabsorption losses in a LSC system based

on QD emission. A solution to this problem of self-absorption is trans-

ferring the excitation energy from the QD to another luminescing species.

This can be realized by three different methods. The first approach is the

use of heteronanocrystals. Heteronanocrystals are nanomaterials made of

two or more different materials. For a combination of two semiconductor

materials with a staggered band alignment (a so-called type II QD) ab-

sorption of a photon is followed by relaxation of the electron and hole in

the different materials, forming an indirect exciton. Recombination of the

indirect exciton gives emission at an energy lower than the absorption onset

of either semiconductor material and reabsorption is strongly reduced. A

second approach is attaching luminescent dye molecules to the QD surface,
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the excited QD can then relax by transferring its energy to the nearby

dye molecule. In this approach the photostability of the dyes remains a

problem. In this thesis we focus on the third approach, which is the in-

corporation of luminescent ions into the QD to allow energy transfer from

the QD to the incorporated ion and emission from the luminescent ion at

energies that do not overlap with the QD absorption spectrum.

1.6 Outline of this thesis

The aim of this thesis is the development of new doped nanocrystals and

new experimental methods to synthesize them as well as the study of their

optical properties. Doped nanocrystals can serve as efficient and stable

luminescent species that can be incorporated in a transparent matrix for

application in luminescent solar concentrators. The small size (smaller than

∼ 50 nm) prevents scattering while the inorganic nanocrystals can have long

term (photo)stability, superior to organic dyes. The combination of strong

broad band absorption by the quantum dot host and efficient narrow band

or line emission by the dopant ion allows for a flexibility in the design of the

spectral conversion properties. Within this context there is a very specific

focus on QDs doped with optically active ions that can be excited through

energy transfer from the QD exciton. To this end, (doped) QDs and magic

size nanocrystals are synthesized and their optical properties and excited

state dynamics are investigated, the results are discussed in the following

chapters.

In Chapter 2, synthesis methods for luminescent organically capped col-

loidal ZnSe QDs of different sizes, ranging from 4.0 to 7.5 nm are reported.

These QDs are analyzed using Transmission Electron Microscopy (TEM),

absorption spectroscopy, photoluminescence measurements and tempera-

ture dependent photoluminescence decay measurements. A similar trend

is observed for the band-edge photoluminescence decay of all investigated

sizes: the decay time is short (∼ 5 ns) above 20 K and increases sharply
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below 20 K, eventually reaching a constant value (270 - 400 ns) at suffi-

ciently low temperatures (< 4 K). The temperature regime in which the

decrease of lifetime occurs depends on the QD size and is lower for larger

QDs. This behavior can be modeled by a Boltzmann distribution between

a lower long-lived and a higher short-lived exciton states, with an energy

separation ranging from from 3.3±0.2 to 1.5±0.1 meV in the 4.0±0.3 nm to

7.5±0.5 nm size range. We show that this energy separation is consistent

with coupling of the lowest exciton state to a confined acoustic phonon.

In Chapter 3 we report successful doping of colloidal ZnSe QDs with Mn2+

via a cation exchange method. ZnSe QDs are prepared using colloidal syn-

thesis methods and subsequently doped with Mn2+ via cation exchange.

The doped NCs show dual emission: an excitonic emission band around

∼425 nm and a second emission band centered at 580 nm with a radia-

tive decay time of 242 µs, characteristic of the Mn2+ 4T1→6A1 emission

transition in a ZnSe host. In this chapter we also discuss the results of us-

ing the same doping method for other transition metal ions (TMIs): Ni2+,

Co2+and Cu2+ and the results of adapting the method for doping with Ag+

and Pd2+.

In Chapter 4 we report on the successful synthesis of ZnTe magic size

nanocrystals (MSNCs) doped with Mn2+. Colloidal ZnTe MSNCs are pre-

pared via a hot-injection method and doped with Mn2+ via cation ex-

change. The doped MSNCs show an emission band centered at 620 nm

with a radiative decay time of 45 µs, characteristic of Mn2+ in ZnTe. The

excitation spectrum of the Mn2+ emission shows narrow absorption bands

corresponding to different sizes of ZnTe MSNCs providing further evidence

that the 620 nm emission originates from Mn2+ incorporated in the ZnTe

host, rather than Mn2+ bound to the surface. The Mn2+-doped ZnTe clus-

ters may serve as nuclei for the growth of larger ZnTe quantum dots doped

with a single Mn2+ ion.

In Chapter 5 we report a successful approach to incorporate Yb3+ ions

into CdSe QDs. CdSe QDs are grown using a hot injection method, Yb3+
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ions are attached to the surface and subsequently overgrown with more

CdSe. Our spectroscopic data show strong coupling of the Yb3+ to the

QD resulting in energy transfer from the excited QD to the Yb3+ ion and

subsequent narrow line emission from the Yb3+ ions, successfully combining

the strong size-tunable absorption features of the QD with the efficient

narrow line emission from the incorporated lanthanide ion. Overgrowth

with Se greatly improves the Yb3+ luminescence intensity which is also

reflected by a longer emission lifetime. The luminescence intensity and

lifetime are further improved by growing up to two monolayers of CdSe

using the successive ionic layer adsorption and reaction (SILAR) method.

The doped nanocrystal systems reported in chapters 3, 4 and 5 all exhibit

energy transfer from the exciton to the dopant ion followed by lumines-

cence from the excited dopant ion. This results in spectral decoupling;

these luminescent materials combine the broad and strong absorption of

the semiconductor nanoparticle host with emission from the dopant ion in

a different spectral region. A good LSC luminophore for LSCs based on

c-Si solar cells should absorb a large part of the incoming UV and visi-

ble sunlight. For this reason the doped ZnSe QDs and ZnTe magic size

nanocrystals reported in chapters 3 and 4, though interesting model sys-

tems, are not ideal candidates as LSC luminphores as they mainly absorb

UV radiation. The CdSe:Yb3+ QDs reported in chapter 5 absorb and emit

in a suitable spectral region (absorption up to 600 nm with emission at 985

nm). At this point however, the Yb3+ emission from these QDs is not very

efficient and further research should be aimed at improving the efficiency

of the IR emission of lanthanide ions incorporated in QDs.
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Chapter 2

Excited state dynamics in

colloidal ZnSe quantum dots

Abstract

In this chapter, synthesis methods for luminescent organically capped colloidal

ZnSe QDs of different sizes, ranging from 4.0 to 7.5 nm are reported. These QDs

are analyzed using Transmission Electron Microscopy (TEM), absorption/photolu-

minescence spectroscopy and temperature dependent photoluminescence decay mea-

surements. A similar trend is observed for the band-edge photoluminescence decay

of all investigated sizes: the decay time is short (∼ 5 ns) above 20 K and increases

sharply below 20 K, eventually reaching a constant value (270 - 400 ns) at suffi-

ciently low temperatures (< 4 K). The temperature regime in which the decrease of

lifetime occurs depends on the QD size and is lower for larger QDs. This behavior

can be modeled by a Boltzmann distribution between a lower long-lived and a higher

short-lived exciton states, with an energy separation ranging from from 3.3 to 1.5

meV in the 4.0 nm to 7.5 nm size range. We show that this energy separation is

consistent with coupling of the lowest exciton state to a confined acoustic phonon.

39
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2.1 Introduction

Colloidal quantum dots (QDs) have attracted increasing attention from the

scientific community over the past decades due to the possibility they of-

fer of tailoring the optoelectronic properties of materials by making use of

quantum confinement effects[1, 2]. Moreover, their surface chemistry can

be readily manipulated, allowing for easy solution processing and surface

functionalisation[2]. These characteristics have turned colloidal QDs into

promising materials for a variety of applications (e.g., light-emitting diodes,

photodetectors, photovoltaic materials[1], biolabels[3, 4]). A comprehensive

understanding of the impact of the exciton fine-structure and of the exciton-

phonon coupling on the radiative lifetime of nanoscale excitons is crucial

for a number of potential optoelectronic applications and is also highly rel-

evant from a fundamental viewpoint. This has stimulated a vast research

effort on the composition-, size-, shape- and temperature-dependence of the

exciton lifetimes in colloidal QDs, leading to a number of experimental and

theoretical studies[5–26]. The most investigated colloidal QDs are CdSe

and CdTe, for which it has been shown, within the framework of the ef-

fective mass approximation, the eightfold degeneracy of the lowest exciton

state (viz., 1S(e)1S(3/2(h))) is lifted by electron–hole exchange interaction,

crystal-field splitting and shape anisotropy (for prolate or oblate QDs)[7].

This results in five fine-structure states for spherical wurtzite (hexagonal)

QDs and two states for spherical zinc-blende (cubic) QDs. In both cases,

the lowest energy excited state is a dark state (formally forbidden transition

to ground state) and is followed by an upper bright state (allowed transition

to ground state). Similar exciton fine-structure states have been obtained

by semiempirical tight-binding[8] and many-body pseudopotential[9] calcu-

lations.

Such an exciton fine-structure should lead to a strong dependence of the
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radiative lifetime on the thermal population of the bright state, and con-

sequently on the temperature. Indeed, temperature dependent photolumi-

nescence (PL) decay times have been reported for a number of different

colloidal QDs (CdSe, InAs, PbSe, CdTe)[12, 17, 19, 24–26].In these studies

a sharp increase in the exciton lifetime with decreasing temperature is ob-

served at low temperatures (below 20 K), which could be modelled by an

energy separation (∆E) between the lower energy long-lived and the higher

energy short-lived exciton state of a few meV (e.g., 1.7 to 0.7 meV for CdSe

QDs of 1.7 to 6.3 nm diameter[25]). Interestingly, the ∆E values experi-

mentally determined from the temperature dependence of the PL lifetime

are significantly smaller than the dark-bright state splitting extracted from

Fluorescence Line Narrowing measurements (e.g., 19 meV for a 2.3 nm

CdSe QD)[5] or theoretically calculated (e.g., 13.5 meV for a 2 nm CdSe

QD[7]), but are comparable to the energy of confined acoustic phonons, for

all the QD compositions investigated (viz., CdSe, InAs, PbSe, CdTe)[26].

Based on this observation, a model has been proposed to explain the tem-

perature dependence of the exciton lifetime in the low temperature regime

(1-20 K), in which the shortening in lifetime is induced by coupling of the

dark state to a confined acoustic phonon mode[26].

To date, neither the exciton fine-structure nor the temperature depen-

dence of the exciton lifetime has been investigated for colloidal QDs of wide

bandgap semiconductors. Although the exciton energy level schemes can be

expected to be qualitatively similar for all II-VI materials, the energy sepa-

ration between the fine-structure states is expected to be different in ZnSe

QDs for a number of reasons: (a) relatively weaker quantum confinement

effects in the experimentally accessible size range due to its wider band

gap and heavier charge carriers; (b) weaker spin-orbit coupling. Moreover,

the phonon frequencies are also larger in ZnSe than in previously investi-

gated materials (CdSe, CdTe, PbSe, InAs)[12, 17, 19, 24–26], which consist

of heavier elements. It is thus as yet unclear whether the temperature-

dependence of the exciton radiative lifetimes in ZnSe QDs follows the same

behavior previously reported for QDs of narrow band gap semiconductors.
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To clarify this question, we have made various sizes of colloidal ZnSe QDs

and studied the temperature-dependent band-edge photoluminescence de-

cay in the 1.5 – 300 K range. We observe that the exciton lifetime of ZnSe

QDs is strongly temperature dependent below 30 K, in line with the behav-

ior previously reported for QDs of other semiconductors[24–26]. Moreover,

we show that the ∆E values deduced from this temperature dependence are

consistent with coupling of the lowest exciton (dark) fine-structure state to

a confined acoustic phonon, which shortens the excited state lifetime with

increasing temperatures in the 1-20 K regime.

2.2 Experimental Methods

The synthesis methods used to make colloidal zinc-blende ZnSe QDs are

based on an adaptation of the protocol that was reported in ref. [27]. All

syntheses were carried in a glovebox under nitrogen (<5 ppm O2 and H2O).

This glovebox was also used to store and process the samples.

Chemicals: Octadecene (ODE, 90%), oleic acid (OA, 90%), and tri-

octylphosphine (TOP) were purchased from Sigma-Aldrich. Octadecy-

lamine (ODA, >90%), diethylzinc (Zn(Et)2, 98%), and selenium powder

(Se, 99.999%) were purchased from Fluka, Strem Chemicals, and Alfa Ae-

sar, respectively. Anhydrous solvents (toluene, hexane, methanol, and

acetone) were purchased from Sigma-Aldrich. All reagents were used as

purchased, with the exception of ODE and ODA, which were dried and

degassed under vacuum (3 h at 120 ◦C) before use.

Stock solutions: A 0.4 M Zn(Et)2 stock solution was prepared by dissolv-

ing 0.494 g (4 mmol) of Zn(Et)2 in 10 mL of ODE. A 0.4 M Zn-oleate stock

solution was made by dropwise addition of 5.05 mL of OA to a solution of

0.494 g of Zn(Et)2 in 4.95 mL of ODE. This mixture was allowed to react

for 5 min at 300 ◦C, followed by 3 h at 120 ◦C. A 1 M Se stock solution was

prepared by dissolving 0.79 g (10 mmol) of Se powder in 10 mL of TOP.
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Synthesis: Briefly, 2.5 mL of ODE and 0.55 g of ODA were loaded in

a reaction flask and heated to 290 ◦C. At this temperature, 0.5 mL of

Zn(Et)2 stock and 0.67 mL of Se stock were swiftly injected under stirring.

The temperature was allowed to drop to 270 ◦C and, 5 min after the initial

injection, a dropwise addition of 1.5 mL of Zn-oleate stock solution diluted

in 3 mL of ODE was started. The synthesis was terminated 10 min after the

end of the Zn-oleate addition by removing the heating mantle, yielding 4.0

nm diameter QDs. To obtain 5.7 nm diameter QDs, the volume of Se stock

solution injected was increased to 1 mL, and three additions of Zn-oleate

(each consisting of 1.5 mL of Zn-oleate stock solution diluted in 3 mL of

ODE ) followed at 5, 15 and 25 min after the initial injection. For 7.5 nm

diameter QDs, two extra additions of Zn-oleate followed at 35 and 45 min

after the initial injection. These last two additions were accompanied by

addition of 0.3 mL Se stock. The synthesis was terminated 10 min after

the end of the last Zn-oleate addition by removing the heating mantle.

In order to remove unreacted Zn and Se precursors, the ZnSe QDs were

washed by a hexane/methanol extraction. Extraction was performed by

mixing a solution of the crude reaction mixture in anhydrous hexane and

anhydrous methanol (1:4:2 volume ratio). The colored top layer containing

the QDs was removed. Subsequently, an equal volume of methanol was

added to the QD solution layer for a second hexane/methanol extraction

step. The extraction step was repeated five times, and afterwards the QDs

were precipitated by adding anhydrous acetone (1:6 volume ratio). The sed-

iment was isolated by centrifugation (3000 rpm, 10 min) and resuspended

in anhydrous toluene.

Characterization: Samples for TEM imaging were prepared by dipping

a carbon-coated copper (400-mesh) TEM grid into a toluene solution of

purified QDs. The excess liquid was removed by blotting using filter paper.

Transmission electron microscopy (TEM) images were recorded using either

a FEI TECNAI T10 or a FEI TECNAI T20, operating at 100 kV and 200

kV respectively. Average QD diameters were estimated by measuring the
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size of 50-150 QDs in a TEM image, the reported error margin is the stan-

dard deviation in the diameter. Both TEM images and size distributions

are shown in 2.1 in section 2.3.

Optical Spectroscopy: Absorption and Photoluminescence (PL) spec-

tra, PL decay curves. Absorption spectra were measured on a double beam

Perkin-Elmer Lambda 950 UV/Vis spectrometer. PL spectra were recorded

using an Edinburgh Instruments FLS 920 spectrofluorimeter equipped with

a 450 W Xe lamp as excitation source and a double grating monochromator

for excitation (Bentham DTMS300, 1200 lines/mm grating, blazed at 300

nm for excitation and 500 nm for emission). Emission was detected using

a Hamamatsu R928 photomultiplier tube. PL lifetime measurements were

carried out in the same spectrofluorimeter using an Edinburgh Instruments

diode laser operating at 376.8 nm (65 ps pulse width, 0.2–20 MHz repe-

tition rate) as excitation source, and a fast Hamamatsu photomultiplier

tube (H7422-02) for light detection. PL decay curves were obtained by

time-correlated single-photon counting via time-to-amplitude conversion.

Very low excitation fluences were used (<0.5 nj
cm2 ) in order to avoid mul-

tiexciton formation, and to keep the ratio of stop to start pulses below

0.04. The raw decay data were fitted to decay functions using a Levenberg

Marquadt minimization algorithm implemented in Origin 6.1. To ensure

that the obtained decay constants were statistically valid, the decay data

were fit from I0 (t = 0) to <1%I0 (background level). The fit quality was

assessed by two criteria: reduced (χ ≈1.0) and the weighed residuals’ au-

tocorrelation function (random distribution of small values). The reported

error margins for the τ , τlong, τshort and ∆E values are the errors obtained

from the fits. For temperature-dependent measurements the sample was

contained in a sealed quartz cuvette (optical path: 2 mm) and mounted in

an Oxford Optistat continuous He-flow cryostat allowing for measurements

in the 1.5 to 300 K range. The sample is immersed in liquid Helium at

temperatures below 4.2 K. The temperature was controlled with an Ox-

ford Instruments ITC503S, which has a nominal accuracy of ±0.1 K. To



Chapter 2. Excited state dynamics in colloidal ZnSe quantum dots 45

minimize the uncertainty in the measured temperature the sample was al-

lowed to equilibrate for 5 min (1 min for temperatures below 4.2 K) before

acquiring PL decay curves.

2.3 Results and Discussion

The synthesis method for ZnSe QDs with a diameter of 5.6±0.6 nm that

was reported in ref. [27] was adapted to yield ZnSe QDs of different sizes.

The original method is based on the reaction of Zn(Et)2 and TOP-Se in a

mixture of ODE and ODA to form the initial seeds. These seeds are grown

into particles of the final size with three subsequent additions of Zn-oleate.

Smaller ZnSe QDs were synthesized by reducing the amount of TOP-Se

precursor and reducing the amount of Zn-oleate additions to one single

addition. Larger ZnSe QDs where synthesized with 2 extra additions of

Zn-oleate, these extra Zn-oleate additions were accompanied by the addi-

tion of extra TOP-Se. Figure 2.1 shows representative TEM images of the

three samples of colloidal ZnSe QDs investigated in this work. Although

the TEM images do not allow the exact shape of the QDs to be determined,

they clearly show that the particles are essentially isotropic and have diam-

eters of 4.0±0.3, 5.7±0.4 and 7.5±0.5 nm. In fact, the shapes observed in

the TEM images can be described as 2D-projections of truncated trigonal

pyramids with variable degrees of truncation, which is an often observed

shape for nanocrystals of II-VI semiconductors with the zinc-blende struc-

ture. The absorption spectra of the ZnSe QD samples are shown in Figure

2.2. The lowest energy absorption peaks are at 406, 423 and 433 nm for QDs

with diameters of 4.0±0.3 nm, 5.7±0.4 nm and 7.5±0.5 nm, respectively.

Following previous work[27], this peak can be assigned to the 1S3/2(h)-1S(e)

exciton transition. For the two smallest QDs, the second and third exciton

transitions can be clearly distinguished in the absorption spectra, in line

with the narrow size distribution of the samples. As shown in Figure 2.3,

the ZnSe QDs show a narrow emission band in the blue spectral region
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with a size-dependent emission maximum (viz., 414, 424, and 433 nm at

room temperature for 4.0±0.3 nm, 5.7±0.4 nm and 7.5±0.5 nm QDs, re-

spectively). Due to quantum confinement effects, the absorption and PL

transitions shift to higher energies with decreasing QD size, as expected

since the QDs radii are smaller than the exciton Bohr radius of ZnSe (viz.,

3.8 nm)[27].

Figure 2.1: TEM images of colloidal ZnSe QDs with diameters of
4.0±0.3 (a), 5.7±0.4 (b) and 7.5±0.5 nm (c). The insets show the corre-

sponding size histograms.

350 400 450 500

 

 

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

Wavelength (nm)

 4.0 ± 0.3 nm
 5.7 ± 0.4 nm
 7.5 ± 0.5 nm

Figure 2.2: Room temperature absorption spectra of colloidal ZnSe
QDs of three different diameters.
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Figure 2.3: Photoluminescence spectra of colloidal ZnSe QDs of three
different diameters at room temperature (a) and at 4 K (b). The samples

are excited at 350 nm.

There is a noticeable size-dependence also on the difference between the

lowest energy absorption and the PL peaks (i.e., the non-resonant or inho-

mogeneous Stokes Shift[28], ∆ST (nr)). While ∆ST (nr) values of ∼60 meV

and ∼10 meV are observed, respectively, for the 4.0±0.3 nm and 5.7±0.4

nm QDs, the 7.5±0.5 nm QDs show no significant ∆ST (nr). This behavior

can be ascribed to the combined effects of the different size-dependences of

the absorption cross-section of exciton transitions far above the band-edge

(viz., scale linearly with the QD volume)[14] and near the band-edge (viz.,

scale with d−n, n∼=2, in the strong confinement regime[14]) and the size
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distribution of the QD ensemble[28]. Since the excitation is done using ex-

citon transitions far above the band-edge, larger QDs in the ensemble will

absorb relatively more light and consequently give a relatively larger con-

tribution to the emission, thus resulting in an ensemble PL spectrum that

is shifted to lower energies with respect to the statistically weighted maxi-

mum. The opposite distortion (i.e., a shift to higher energies with respect

to the statistically weighted maximum) will be observed for the lowest en-

ergy exciton transitions, which are relatively stronger for the smaller QDs

in the ensemble[14, 28]. Therefore, the non-resonant Stokes Shift obtained

by comparing absorption and PL spectra is larger than the resonant Stokes

Shift (determined by directly exciting the emitting state), and increases

with decreasing average size of the QD ensemble, because quantum con-

finement effects have a larger impact on the near band-edge transitions and

become more prominent as the QD size decreases[28].

The PL maxima shift to higher energies with decreasing temperatures,

reaching 400, 411 and 418 nm at 4 K for QDs with diameters of 4.0±0.3 nm,

5.7±0.4 nm and 7.5±0.5 nm QDs, respectively (Figure 2.3b). Temperature

dependent spectral shifts have been observed before for colloidal QDs of sev-

eral different semiconductors (viz., CdSe[25], CdSe/CdS[19], CdSe/ZnS[29],

CdTe[30], CdTe/CdSe[31], InP[32]), and have been ascribed to the temper-

ature dependence of the bandgap[19, 25, 29–33], which is nevertheless not

yet well understood for QDs[32]. Low temperature PL decay curves were

recorded at various temperatures for each sample of colloidal ZnSe QDs. As

a representative example, Figure 2.4 shows the temperature dependent PL

decay curves of 4.0±0.3 nm ZnSe QDs. It is clear that the exciton lifetime

becomes longer upon lowering the temperature from 71 to 1.7 K. The de-

cay curves taken above 20 K can be well described by a single-exponential

decay function, while those recorded below 20 K are multi-exponential and

were analyzed by fitting to a three-exponential decay function.

A fast initial component at low temperatures (T < 20 K) has previously

been observed in PL decay curves of CdSe, CdTe, PbSe and InAs QDs[26].
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Figure 2.4: Normalized photoluminescence decay curves of 4.0±0.3 nm
diameter ZnSe QDs at the temperatures indicated (PL wavelength: 400

nm, excitation at 376.8 nm).

This behavior can be well understood by considering that emission occurs

from multiple excited state energy levels at thermal equilibrium and that

the lowest level has the longest lifetime (i.e., the dark exciton state). When

kT is small with respect to the energy separation between the excited state

energy levels the thermal population can be significantly different from

the initial population immediately after excitation due to reduced thermal

relaxation rates in QDs. In this situation, the higher, shorter lived, energy

levels will initially have a larger population and emission from these levels

prior to thermal equilibration accounts for the fast initial decay[25]. The

PL decay at long times is close to single-exponential and at sufficiently low

temperatures corresponds to the radiative lifetime of the dark state and,

at higher temperatures, to the thermal equilibrium between the dark and

bright states. An intermediate decay time constant was needed to obtain

a good agreement with the experimentally observed decay curves. This

component is assigned to a fraction of the QD ensemble in which defects

shorten the emission lifetime and the decay rate is determined by the sum of
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the radiative decay rate and the carrier trapping rates. It should be noted

that radiative recombination in trap states (i.e. the so-called trap PL[2])

was not observed at any temperature in the 1.7 to 300 K range indicating

that carrier trapping is followed by non-radiative decay.

The decay constants obtained from single exponential fits (T ≥ 20 K) and

from the slowest component of the three-exponential fits (T ≤ 20 K) for

the different sizes of ZnSe QDs are plotted in Figure 2.5. A very clear trend

is observed: the decay time is short (∼10 ns ) above 20 K and increases

sharply as the temperature decreases below 20 K, eventually reaching a

plateau at sufficiently low temperatures (Figure 2.5). This temperature

dependent behavior is similar to those previously reported for QDs of other

semiconductors (CdSe, CdTe, PbSe, InAs)[25, 26], where it has been an-

alyzed in terms of a three level model, consisting of two closely spaced

emitting states and a ground state. At low temperatures the thermal pop-

ulation of the upper level is negligibly small and the excited state decay is

dominated by the decay rate of the long-lived lower level. When the tem-

perature increases, the upper short-lived level is thermally populated and

the lifetime decreases. The lifetime continues to decrease with increasing

temperature until the two states are close to equally populated. This sim-

ple, three level model has been shown to describe well the experimentally

observed temperature dependence of the radiative exciton lifetimes of QDs

of several different semiconductors in the low temperature regime (below 50

K for CdSe, CdTe and PbSe QDs, below 100 K for InAs QDs)[12, 17, 19, 24–

26]. To allow a direct comparison with the studies previously reported for

other colloidal quantum dot systems, we will analyze the presently observed

temperature dependence of the exciton lifetimes in ZnSe QDs by a three

level model as well. The temperature dependence of the measured exciton

lifetime τ can thus be described by[25, 26]:

τ−1 =
e

∆E
kT

1 + e
∆E
kT

τ−1long +
1

1 + e
∆E
kT

τ−1short (2.1)
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Figure 2.5: Temperature-dependence of the photoluminescence life-
times of colloidal ZnSe QDs of different diameters. The solid lines are

fits to a three-level model (see Eq. 2.1 in the text).

In this model, the levels involved are the ground state, the long-lived dark

exciton state with lifetime τlong and the short-lived state with lifetime τshort.

The energy separation between the two excited states is given by ∆E. The

observed temperature dependence of the exciton lifetimes of ZnSe QDs is

well described by this model (Figure 2.5). A clear trend is observed, with

both ∆E and τlong decreasing upon increasing QD size. The lifetime of

the upper short-lived state is ∼4 ns and size-independent. The ∆E values

obtained from the three-level fits are 3.3±0.23, 2.0±0.17 and 1.5±0.11 meV

for QDs with diameters of 4.0±0.3, 5.7±0.4 and 7.5±0.5 nm, respectively.

It is interesting to note that the success of the three-level model fit in repro-

ducing the experimentally observed temperature-dependent trends implies

that the contribution of states above the upper emitting level to the exciton

radiative lifetime in ZnSe QDs can be neglected in the temperature range

investigated (i.e., below 50 K).

We will now discuss the nature of the upper and lower emitting states

and the origin of the observed ∆E values. Two models can be considered

to explain the temperature dependence of the exciton radiative lifetimes.
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First, ∆E may correspond to the separation between the lower dark and the

upper bright exciton fine-structure states. For CdSe QDs the theoretically

calculated dark-bright splitting was shown to be much larger than the ∆E

values determined from the temperature dependence of the decay times[25].

An alternative explanation is that the upper short-lived state originates

from the coupling of the lower dark exciton fine-structure state with a

thermally populated confined acoustic phonon mode[26]. In this model

∆E corresponds to the (size dependent) energy of the confined acoustic

phonon mode involved. To investigate which of these two models better

explains the observed temperature dependence of the exciton lifetime in

ZnSe QDs, both the dark-bright splitting and the energy of the confined

acoustic phonon modes are calculated as a function of size for ZnSe QDs.

The size dependent exciton fine-structure of zinc-blende ZnSe QDs was cal-

culated using the effective mass approximation model developed by Efros[7].

The results are shown in Figure 2.6. The exciton fine-structure of zinc-

blende CdTe QDs is also included for comparison. Shape anisotropy was

not taken into account since the ZnSe QDs studied here cannot be de-

scribed as oblate or prolate nanocrystals, but have instead nearly isotropic

shapes, albeit facetted and non-spherical. As discussed above, the TEM

images (Figure 2.1) indicate that the shape of the ZnSe QDs investigated

in the present work can be described as truncated trigonal pyramids. Al-

though trigonal pyramids do not possess inversion symmetry, they can be

seen as isotropic polyhedra, thus justifying modelling the QDs as isotropic

nanocrystals (i.e., spherical rather than prolate or oblate). Consequently,

the eight-fold degeneracy of the band-edge exciton (1S(e)1S(3/2(h))) is lifted

by the electron-hole exchange interaction only, which leads to a three-fold

degenerate upper bright state and a five-fold degenerate lower dark state.

The exchange splitting scales with (aexa )3~ωSTχ(β), where a is the size of

the QD, aex is the exciton Bohr radius, ~ωST is the exchange splitting in

the bulk semiconductor and χ(β) is a dimensionless function depending of

β, the ratio of the light and heavy hole masses[7]. The following values were

used: χ(β)= 0.72[34, 35], ~ωST = 0.40 meV[36], and aex = 3.8 nm for ZnSe,
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and χ(β) = 0.67, ~ωST = 0.04 meV, and aex = 6.7 nm for CdTe[7]. Figure

2.6 clearly shows that the dark-bright state splitting is larger in ZnSe QDs

than in CdTe QDs. The difference between CdTe and ZnSe is largely due to

~ωST , which is a factor 10 larger for ZnSe. For a qualitative understanding,

one should consider that spin-orbit coupling is significantly weaker in ZnSe

with respect to CdTe. Consequently, the electron-hole (spin) exchange in-

teraction is stronger in ZnSe. Moreover, the exciton binding energy in ZnSe

(viz., 13 meV)[37] is larger than that in CdTe (viz., 10 meV)[38], which

also contributes to a larger electron-hole exchange interaction.

Figure 2.6: Size dependent exciton energy levels of zinc-blende ZnSe
and CdTe QDs calculated using the effective mass approximation[7]. The
parameters used for the calculation are the exciton Bohr radius aex, the
exchange energy (~ωST ), and χ(β), which was calculated using the ratio
of the light and heavy hole mass β. The levels are labelled according to
their total angular momentum projection (0, 1, or 2; u = upper, L =

lower).

In Figure 2.7 the dark-bright state splitting calculated for spherical zinc-

blende ZnSe QDs (black dotted line) is plotted together with the ∆E values

extracted from the temperature dependence of the exciton lifetimes (black

squares). The agreement between the observed ∆E’s and the calculated

dark-bright state splitting is reasonable for the 7.5±0.5 nm, but is poor for
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the smaller QDs (4.0±0.3 and 5.7±0.4 nm), with the dark-bright state split-

ting being much larger than the observed ∆E’s. Most importantly, the size

dependence of the dark-bright splitting is significantly stronger than that of

the observed ∆E’s. It should be noted that shape anisotropy effects cannot

account for this discrepancy. Shape anisotropy leads to an additional split-

ting of the exciton fine-structure states, yielding five states instead of two[7].

This decreases the relative magnitude of the energy separation between the

lowest fine-structure state (still a dark state) and the next upper state (still

bright state), but does not significantly change the size dependent trends

(proportional to 1
a3 in both cases)[7, 22]. We can thus conclude that the

experimentally observed temperature- and size-dependence of the exciton

radiative lifetimes in ZnSe QDs cannot be explained the direct thermal

population of the bright exciton fine-structure state.
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Figure 2.7: ∆E values extracted from the temperature dependence of
the photoluminescence lifetimes of colloidal ZnSe QDs of different diam-
eters (black squares). The size dependent acoustic phonon energies of
spherical ZnSe QDs calculated with Lamb theory are also shown for both
l= 2 (red dashed line) and l= 0 (blue line) modes. The calculated energy
separation between the dark and bright exciton fine-structure states of

spherical zinc-blende ZnSe QDs is given by the black dotted line.
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To evaluate whether the acoustic phonon coupling model can explain our

experimental observations, we calculated the energy of confined acoustic

phonons in spherical ZnSe QDs. The two lowest-energy confined acous-

tic phonon modes in spherical QDs are the l = 2 (spheroidal mode) and

the l = 0 (spheroidal breathing mode) phonons. The energies of these two

phonon modes were calculated using Lamb theory, following the method de-

scribed by Takagahara[39]. The constants employed are the ZnSe density

ρ = 5.27 g · cm−3 and the elasticity parameters reported by Lee for ZnSe

at 0 K[40]: the first Lamé parameter (µ = C44 = 4.14 · 1011Dyn · cm−2)
and the second Lamé parameter (λ = C11 − 2µ = 8.88 · 1011Dyn · cm−2 -

8.28 · 1011Dyn · cm−2 = 0.60 · 1011Dyn · cm−2). The size-dependent acous-

tic phonon energies of the l = 0 and l = 2 acoustic phonon modes in spher-

ical ZnSe QDs are shown in figure 2.7, together with the experimentally

observed ∆E’s and the calculated dark-bright splitting. It is clear that

the experimentally observed ∆E values correspond well to the energy of

confined acoustic phonon modes in ZnSe QDs. This demonstrates that the

∆E values and the energy of the acoustic phonon modes follow a very sim-

ilar size dependent trend. These observations provide strong evidence that

the temperature dependent shortening of the exciton radiative lifetime in

ZnSe QDs in the low temperature regime (below 20 K) is due to coupling

of the dark exciton fine-structure state of ZnSe QDs to a confined acoustic

phonon. This is in line with earlier work on other QDs (CdSe, InAs, PbSe,

CdTe)[25, 26], demonstrating that this behavior is very general, and is thus

likely to apply to QDs of any direct bandgap semiconductor, as suggested

in ref. [26].

Although it has been shown that the low temperature exciton radiative

lifetimes are dominated by coupling to the l = 2 confined acoustic phonon

mode for CdSe, CdTe and PbSe QDs and by coupling to the l = 0 mode for

InAs QDs, such a definite assignment cannot be made in the present case.

For CdSe, CdTe, PbSe and InAs QDs there is a significant energy difference

between the l = 0 and the l = 2 modes[26], but in ZnSe QDs the energy of

the l = 0 and l = 2 modes is very similar. Therefore, the contributions of
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these two confined acoustic phonon modes to the observed exciton lifetimes

cannot be experimentally disentangled, since they are populated at similar

temperatures. It is interesting to note that the ∆E values extracted from

three-level model fits to the experimentally observed temperature depen-

dence of the exciton lifetimes agree well with the energies calculated for v

= 1 confined acoustic phonon modes. This clearly demonstrates that the

contribution of v = 2 phonon states and two-phonon processes are negli-

gible in the temperature range investigated (below ∼50 K) and within the

accuracy of our experiments.

It should be noted that in the case of the larger (viz., 7.5±0.5 nm) ZnSe

QDs the calculations discussed above imply that the bright exciton fine-

structure state is resonant with the confined acoustic phonon modes (Figure

2.7). This suggests that in this case the bright exciton state could be

directly populated by a one acoustic phonon transition. However, Figure 2.7

clearly shows that the trend observed for the experimental ∆E values closely

follows the size dependence of the acoustic phonon energies, which implies

that coupling to confined acoustic phonons is the dominant mechanism

involved in the reduction of the radiative exciton lifetimes with increasing

temperature.

Phonons are ubiquitous in solids, and therefore coupling of charge carri-

ers to phonons plays a decisive role in a wide range of properties of both

bulk and nanostructured semiconductors[41]. In the specific case of col-

loidal QDs, the exciton-phonon coupling has been shown to be crucial

to a number of photophysical processes, such as exciton and multiexci-

ton relaxation dynamics[42–46], thermal transport[20], and nonradiative

energy transfer in QD superlattices[47]. Moreover, coupling to longitu-

dinal optical (LO) phonon modes has been observed to relax selection

rules at low temperatures, yielding phonon-assisted transitions (or phonon

replicas) from the dark exciton fine-structure state in QDs, quantum rods

and heteronanocrystals[5, 6, 10, 21, 23, 48]. Coupling to acoustic phonon
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modes is known to determine the homogeneous linewidths of optical tran-

sitions.49 The results discussed above, and those previously reported for

CdSe, InAs, PbSe and CdTe QDs[25, 26], imply that coupling of confined

acoustic phonon modes to the dark exciton state is also capable of re-

laxing optical transition selection rules, leading to shortening of the ex-

citon radiative lifetimes. This is further supported by the observation of

acoustic phonon replicas in the low temperature (2 K) PL spectra of sin-

gle CdSe/ZnS core/shell QDs[23]. Nevertheless, the mechanism behind the

acoustic phonon-mediated brightening of the dark state is not yet well-

understood, in contrast with the LO-phonon-mediated brightening[41, 49,

50].

Coupling between phonons and charge carriers (electrons or holes) can be

mediated by several mechanisms[41, 50]. In polar semiconductors (e.g., II-

VI, III-V and IV-VI semiconductors), the dominant coupling mechanism

for LO-phonons is the Fröhlich interaction, which arises from the lattice

polarization field produced by the relative displacement of positive and

negative ions within the unit cell.41,50 This transient polarization field

couples to the electric field of the charge carriers, inducing electric transition

dipole moments in optical transitions between the coupled states[49, 50]. In

contrast, coupling between charge carriers and acoustic phonons (such as

the coupling observed in this work) is mediated by the volume deformation

potential interaction, which arises from local changes in the crystal’s energy

bands due to the lattice distortion (i.e., changes in bond lengths and/or

angles) created by an acoustic phonon[41, 50].

It has been recently suggested that the deformation potential arising from

coherent confined acoustic phonon modes in QDs induces a periodic strain

in the nanocrystal that lowers the symmetry of the unit cell[51]. Since

the fine-structure of the lowest exciton state is determined not only by the

electron–hole exchange interaction, but also by the crystal-field splitting

and shape anisotropy[7], the nanocrystal deformation will transiently mix

the exciton fine-structure states and their transition dipole moments[51].
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This mixing is manifested in a periodic optical depolarization that has

been observed by cross polarized heterodyne detected ultrafast transient

grating measurements on colloidal CdSe QDs[51]. We argue here that this

mixing should also shorten the radiative lifetime of the dark exciton fine-

structure state, and can therefore provide a qualitative explanation for the

temperature dependence of the exciton life times in the low temperature

regime (below 20 K).

2.4 Conclusions

In conclusion, we developed a synthesis method to make colloidal ZnSe

QDs of different sizes (4 - 7.5 nm). The temperature dependence of the

exciton life time in the 1.5 to 300 K range has been investigated for these

QDs. Calculations of the dark-bright state splitting in zinc-blende ZnSe

QDs show that the splitting between these exciton fine-structure states is

too large to account for the strong temperature dependence of the exciton

life time in the low temperature regime (below 20 K), which is instead well

explained by coupling of the lowest energy dark exciton fine-structure state

to confined acoustic phonon modes. This is in line with a model previously

proposed for CdSe, CdTe, PbSe, and InAs QDs, demonstrating that this

behavior is likely to be universal, as proposed in ref. [26].
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[35] Mayer, H., Rössler, U. & Permogorov, S. Resonant Brillouin scattering

in biaxially strained ZnSe. Journal of crystal growth 138, 195–198

(1994).
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Chapter 3

Luminescent Mn-Doped

ZnSe Made by

Cation-exchange

Abstract

We report successful doping of colloidal ZnSe QDs with Mn2+ via a cation

exchange method. ZnSe QDs are prepared using colloidal synthesis methods

and subsequently doped with Mn2+ via cation exchange. The doped NCs

show dual emission: an excitonic emission band around ∼425 nm and a

second emission band centered at 580 nm with a radiative decay time of

242 µs, characteristic of the Mn2+ 4T1→6A1 emission transition in a ZnSe

host. In this chapter we also discuss the results of using the same doping

method for other transition metal ions (TMIs): Ni2+, Co2+and Cu2+ and

the results of adapting the method for doping with Ag+ and Pd2+.

65
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3.1 Introduction

Semiconductor nanocrystals (NCs) are a class of materials showing excit-

ing new properties, with the ability to tune their opto-electronic behavior

without changing the chemical composition being one of the most remark-

able possibilities[1, 2]. However, changing their composition by introduc-

ing optically or magnetically active dopant ions offers significant additional

freedom to tune the properties of these materials and expands the range of

(possible) applications. Doping of NCs was realized with ZnS:Mn as early

as the 1980s[3]. Research in this area rapidly expanded after a report on

a spectacular five orders of magnitude decrease in radiative life time of the

Mn2+ emission in ZnS NCs[4]. Even though it was later shown that there is

no shortening of the Mn2+ radiative life time in NCs and that the observed

fast decay actually originated from a defect emission[5], the field of doped

NCs continued to grow. The potential of introducing new functionalities

to colloidal NCs through doping has attracted increasing attention[6–8] af-

ter alternative synthesis strategies were designed to realize new doped NC

systems, like ZnSe:Mn2+ [9] CdS:Co2+ [10] and CdSe:Eu2+ [11].

In this chapter we demonstrate that colloidal ZnSe QDs doped with Mn2+

ions can be synthesized using a two-step process of QD synthesis and cation

exchange doping. Mn-doped NCs can exhibit interesting optical and mag-

netic properties, making them attractive materials for a number of appli-

cations, such as biomedical imaging[12] and spintronics[13]. Despite many

efforts to obtain colloidal NCs doped with manganese, successes in this

field have been limited and several explanations have been offered to ac-

count for the difficulties in achieving doped NCs[7, 14]. Following the syn-

thesis of ZnS:Mn[5], a variety of doped NCs have been reported including

ZnSe:Mn[15], ZnO:Mn[16], ZnO:Co[17] and CdSe:Mn[18]. In addition to

the hot injection method, alternative methods were developed and espe-

cially single precursor strategies have been successful in synthesizing doped

NC-systems that could not be realized by other methods[7, 11, 19]. More
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recently, cation exchange has been discovered as a promising method to

introduce different cations into NCs, including optically or magnetically

active ions and heterovalent dopants[8, 20–22]. Cation exchange is a pro-

cess where NCs are heated in a solution containing an excess of a precursor

of a different cation. This leads to a place exchange reaction in which the

new cation diffuses into the parent NC and displaces the native cation,

while preserving the anionic framework[1]. For example, in the presence

of an excess of a Cd-precursor Pb2+-ions from PbSe NCs are exchanged

by Cd2+, yielding PbSe/CdSe core/shell NCs[23, 24]. Cation exchange has

been shown to be an effective strategy to create shape-controlled NCs and

hetero-NCs that would otherwise not be attainable[23–32], and has recently

emerged as a novel approach to achieve doping of NCs[8, 20–22]. In this

chapter we use cation exchange to achieve doping with a cation with specific

optical and magnetic properties. Here we report the synthesis of Mn-doped

ZnSe QDs via cation exchange and discuss the optical properties of these

Mn2+ doped NCs. Aside from showing the promises of cation exchange

doping as are expressed in the succesfull doping of ZnSe QDs with Mn2+,

we will also discuss some attempts to apply the cation exchange doping for

different transition metal ion (TMI) dopants to illustrate the challenges of

cation exchange doping. We will discuss the results of using the same dop-

ing method with other transition metal ions (TMIs): Ni2+,Co2+and Cu2+

and the results of adapting the method for doping with the TMIs Ag+ and

Pd2+.

3.2 Experimental Methods

Chemicals: Octadecene (ODE, 90%), oleic acid (OA, 90%), Trioctylphos-

phine (TOP, tech. grade 90%), Hexadecylamine (HDA, 90%), anhydrous

Triethylorthoformate (TEOF, 98%), Mn(II)acetate (98%), Co(II)acetate

(≥ 98%), Ni(II)acetate (98%), Pd(II)acetate (98%), Cu(II)acetate (98%)
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and AgNO3 (≥ 99.0%), were purchased from Sigma-Aldrich. Octadecy-

lamine (ODA, >90%), diethylzinc (Zn(Et)2 (98%) and selenium powder

(Se, 99.999%) were purchased from Fluka, STREM Chemicals and Alfa Ae-

sar respectively. Anhydrous solvents (toluene, hexane, methanol, ethanol

and acetone) were purchased from Sigma-Aldrich. All reagents were used

as received with the exception of ODE, HDA and ODA, which were dried

and degassed by heating under vacuum for 3 h at 120 ◦C (140 ◦C for HDA)

before use. The dried and degassed HDA was subjected to further pre-

treatment in order to remove any residual moisture and alcohol impurities.

This was done by adding TEOF (5.4 % (m/m)) to the pretreated HDA

at 50 ◦CC under a N2 atmosphere (< 5 ppm O2 and H2O). This mixture

was heated to 220 ◦C and kept under reflux for ∼30 min. Subsequently,

the mixture was degassed under vacuum (1 h, ∼120 ◦C) to remove residual

TEOF and reaction products.

Synthesis: ZnSe QDs were doped with Mn using a cation exchange method.

0.8 mL of a 0.4M solution of Mn(II)acetate in TOP was added to 2.62 g

ODA in a reaction flask, the mixture was heated to 200 ◦C. At this temper-

ature, 0.1 µmol of ZnSe QDs dissolved in 1 mL toluene was injected. The

reaction temperature was maintained at 200 ◦C for 60 minutes and aliquots

(∼0.5 mL) of the reaction mixture were taken right after the injection and

at 1, 5, 10, 20 and 40 minutes after injection.

In order to remove the ODA and the unreacted Mn precursors, the ZnSe

QDs were washed by a hexane/methanol extraction. Extraction was per-

formed by mixing a solution of the crude reaction mixture in anhydrous

hexane and anhydrous methanol (1:4:2 volume ratio). The colored top

layer containing the QDs was removed. Subsequently, an equal volume of

methanol was added to the QD solution layer for a second hexane/methanol

extraction step. The extraction step was repeated five times, and afterwards

the QDs were precipitated by adding anhydrous acetone (1:6 volume ra-

tio). The sediment was isolated by centrifugation (3000 rpm, 10 min) and

resuspended in 1 mL of anhydrous toluene.
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The reactions with cobalt, nickel and copper were performed in the same

way as the cation exchange reaction with manganese but, using Co(II)acetate,

Ni(II)acetate and Cu(II)acetate instead of Mn(II)acetate.

Cation exchange reactions with silver and palladium were performed at 60

◦C in a mixture of 4 mL ODE and 1g of ODA. After heating, 100 µL of

previously washed ZnSe QD solution is added. After 30 minutes 25 µL of a

0.4M solution of AgNO3 in ethanol or a 0.04M suspension of Pd(II)acetate

in HDA is quickly injected into the reaction mixture. Two minutes after

addition of the cation precursor, the reaction mixture is removed from

the heating mantle and allowed to cool down. A reference reaction was

performed involving the same steps, without cation precursor injection.

The samples were washed using the same method as for the Mn doped

samples.

Characterization: Samples for TEM imaging were prepared by dipping

a carbon-coated copper (400-mesh) TEM grid into a toluene solution of

purified QDs. The excess liquid was removed by blotting using filter paper.

Transmission electron microscopy (TEM) images were recorded using either

a FEI TECNAI T10 or a FEI TECNAI T20, operating at 100 kV and 200

kV respectively; energy dispersive X-ray spectroscopy (EDS) was performed

using the FEI TECNAI T20. The EDS measurements were performed using

an acquisition time of 1 min.

Optical Spectroscopy: Absorption and Photoluminescence (PL) spec-

tra, PL decay curves. Absorption spectra were measured on a double beam

Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer. Lu-

minescence spectra were recorded with an Edinburgh Instruments FLS 920

spectrofluorometer with a 450 W Xe lamp for excitation and a double

monochromator (Bentham DTMS300, 1200 lines/mm grating, blazed at

300 nm) for selection of the excitation wavelength. Emission was detected

using a Hamamatsu R928 photomultiplier tube with a Bentham TMS300

monochromator (1200 lines/mm grating, blazed at 500 nm). Lifetime mea-

surements were recorded using the 3rd harmonic of a 10 Hz pulsed Nd:YAG
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laser as the excitation source giving 10 ns pulses at 355 nm. The emitted

light was collected with a fibre optic cable to the monochromator (Acton

SP-300i, 0.3m, 150 lines/mm grating, blazed at 500 nm). The lumines-

cence decay traces were recorded using a thermoelectrically cooled photo-

multiplier tube in combination with a Tektronix 2430 1 GHz oscilloscope.

Samples for optical measurements were prepared by directly dissolving the

crude reaction mixture in anhydrous toluene under nitrogen.

3.3 Results and Discussion

The doped NCs that are described in this chapter are synthesized using

a two-step process. The ZnSe QDs are synthesized as described for the

intermediate size (5.7±0.4) nm QDs in the previous chapter. This synthesis

is based on the reaction of Zn(Et)2 and TOP-Se in a mixture of ODE and

ODA to form the initial seeds. These seeds are grown into particles of

the final size with three subsequent additions of Zn-oleate. A detailed

description of the synthesis can be found in chapter 2.2. In a second step

the NCs obtained are doped with Mn2+ by cation exchange. To this end,

a solution of Mn(II)-acetate in ODA was slowly added to a hot mixture of

ZnSe QDs in ODA. Detailed experimental information can be found in the

experimental section.

The as-described doped QDs were analyzed using TEM, absorption spec-

troscopy, emission spectroscopy and luminescence decay measurements.

Absorption spectra of the ZnSe QDs before and after cation exchange are

shown in figure 3.1. Before cation exchange, these ZnSe QDs have their

first absorption transition at 421 nm, the second transition can be distin-

guished at 408 nm. In the absorption spectrum taken after cation cation

exchange both transition peaks are broadened, but no significant change

in the positions is observed. Since the bulk bandgap of MnSe is similar to

that of ZnSe (2.65 eV vs. 2.70 eV) no large shift in the absorption peak po-

sition is expected from purely compositional change (replacing zinc ions for
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manganese ions). The tail above 450 nm in the absorption spectrum from

the sample taken after cation exchange is attributed to scattering since the

sample is somewhat turbid as a result of dispersed organic molecules, it

is likely that a small fraction of the QDs has clustered and contributes to

the scattering as well. This same effect also makes the absorption peaks

appear broader. Part of the peak broadening can also be caused by a small

increase in polydispersity of the QD sizes.
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Figure 3.1

In Figure 3.2 TEM images of ZnSe QDs before (left) and after (right)

cation exchange are shown. Our washing method was not rigorous enough

to remove all of the excess ODA from the sample and the lower quality of

the TEM image for the sample taken after cation exchange is attributed to

leftover ODA in the sample. The QDs appear unchanged in size and shape,

as would be expected for a cation exchange where the particles remain

the same apart from a small fraction of zinc cations that are replaced by

manganese cations.

Figure 3.3 shows the emission spectra of the ZnSe QDs before and after

cation exchange upon excitation at 350 nm. The excitonic ZnSe emission
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Figure 3.2

is slightly red-shifted after cation exchange, where the peak position is 423

before cation exchange, the peak is at 424 nm after exchange. The peak

difference is small (>0.01 eV) but reproducible (multiple scans of the sampe

samples on the same setup give the same peak positions) and indicates a

reduction of the average bandgap of the QDs after cation exchange. This

reduction of the bandgap can be caused by a small increase in particle size

during the cation exchange process (Ostwald ripening), by compositional

change: MnSe has a slightly smaller bandgap than ZnSe or by a combina-

tion of both. The emission spectrum of the sample after doping also shows

a strong emission band at 580 nm. This emission band is characteristic for

the Mn2+ 4T1→6A1 emission in zinc chalcogenides. The emission of Mn2+

has been studied in bulk samples of ZnS, ZnSe and ZnTe. Emission is ob-

served in the orange-red spectral region and is situated around 580 nm for

ZnS:Mn and ZnSe:Mn in bulk as well as in nanocrystals[5, 15, 33, 34]. For

Mn2+ in ZnTe the emission has been observed around 620 nm[35]. Due to

the localized nature of the transition within the 3d5 configuration of Mn2+,

the position and shape of the emission band are not influenced by quan-

tum confinement effects. It is determined by the nature of the surrounding

anions (ligands) and the Mn-ligand distance. The agreement between the

presently observed 580 nm emission band with the position reported for

bulk ZnSe:Mn2+ provides strong evidence for successful Mn2+ doping.
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Figure 3.3

Further evidence that the emission band at 580 nm can indeed be attributed

to Mn2+ dopants can be obtained by means of photoluminescence decay

measurements. Figure 3.4 shows the decay curve of the 580 nm emission

from Mn-doped ZnSe QDs upon pulsed excitation at 355 nm with 10 ns

pulses from a frequency tripled Nd-YAG laser. The luminescence decay

curve clearly shows multi-exponential decay behavior. Fitting the decay

to a bi-exponential function gives a fast component with a decay time of

37 µs and a longer component with a decay time of 242 µs. The lifetime

of the ZnSe: Mn2+ 4T1→6A1 emission in medium, measured at medium

concentration (0.8%), is reported to be 0.22-0.24 ms[35] in bulk. In ZnSe:

Mn2+ QDs the 4T1→6A1 emission lifetime was found to be in the order

of 0.19-0.29 ms for Mn2+ concentrations of 0.9% to 0.2%[15]. No clear

difference is observed between decay times for Mn2+ in bulk and nanocrys-

talline systems[6, 15, 36, 37]. There is some variation in the reported decay

times for Mn2+ in ZnS and ZnSe which can be explained by the presence

of different types of Mn-sites and the influence of Mn-concentration. Mag-

netic coupling between neighboring Mn2+-ions lifts the spin selection rule
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and shorter decay times are observed at higher Mn-concentrations[15, 38–

40]. We ascribe the long (242 µs) decay component to the radiative ZnSe:

Mn2+ 4T1→6A1 emission decay time and the faster component to a sub-

ensemble of Mn2+ doped ZnSe particles with alternative (non-radiative)

decay pathways that decrease the luminescence lifetime, possibly due to

surface quenching which is commonly observed in luminescenct nanocrys-

tals. The observed radiative decay time corresponds well to that of ZnSe

doped with ∼1 % of Mn2+.

Figure 3.4

While, as shown above, doping of ZnSe QDs with Mn2+ was successful,

doping the same particles with other divalent d-group elements using a sim-

ilar approach appears to be non-trivial. Figure 3.5 shows TEM images of

ZnSe QDs after performing the cation exchange reaction with Co(II)acetate

(left) and with Cu(II)acetate (right), TEM images of the particles before

exchange and after exchange with Mn(II)acetate can be found in figure

3.2. After reaction with both cobalt and copper the particles are larger,

different in shape and more polydisperse in both size and shape than before

the reaction. The absorption spectra of these samples are shown in figure

3.6. Both samples show much broader and less defined absorption than the
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parent ZnSe QDs, as can be expected from samples with significantly larger

shape- size- and compositional polydispersity. Upon close inspection, the

excitonic absorption of the parent ZnSe QDs at 421 nm can still be dis-

tinguished in the absorption spectrum of the cobalt doped sample. This

feature in the absorption spectrum suggests that some unreacted, or only

slightly modified, ZnSe QDs still exist in this sample. Neither of these sam-

ples showed strong luminescence. The emission spectra of these samples,

together with the emission spectrum of the parent ZnSe QDs can be seen

in figure 3.7. Both spectra are dominated by emission from the HDA-Zn

complex with its broad emission around 400 nm and shoulder around 460

nm. In the cobalt doped sample a very weak excitonic ZnSe emission band

can be seen at 423 nm. Note that a long-pass filter is placed in front of the

emission detector for the recording of the emission spectra of the undoped

particles and the cobalt doped sample, which accounts for the observed

redshift of the onset of the first emission band in the emission spectrum

of the cobalt sample with respect to the emission spectrum of the copper

doped sample. Similar absorption and emission spectra where obtained for

samples prepared using a reaction temperature of 180 ◦C instead of 200

◦C. Since many details of the mechanism behind cation exchange reactions

are still unknown it is not straightforward to explain the different results

observed for the reactions with Co(II)acetate and Cu(II)acetate with re-

spect to the results obtained with Mn(II)acetate. Nonetheless, using the

data available to us, we can speculate about a possible explanation. A

successful cation exchange reaction, such as we observe when doping with

manganese, consists of multiple steps. First, the TMI(II)acetate molecule

attaches to the surface of the QD and the surface in the direct environ-

ment of the TMI2+ ion will rearrange to minimize energy. In this process,

the TMI2+ will move from being fully bound to the acetate through being

bound to both the acetate and the Se2− in the QD towards being incorpo-

rated in the QD surface. At the same time, the acetate will move from being

bound completely to the TMI2+ to being bound to both the TMI2+ and a

Zn2+ ion on the QD surface to being bound completely to the Zn2+ ion.
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The Zn2+ ion will then leave the QD surface as Zn(II) acetate. In a later

step the TMI2+ ion can diffuse from the QD surface into the QD interior.

A requirement for this process to take place is a net gain in free energy in

going from TMI(II)acete to Zn(II)acetate and replacing a Zn2+ ion bound

to Se2− with a TMI2+ ion bound to Se2−. The stability of the acetates fol-

lows the Irving-Williams Series[41]: Cu2+>Zn2+>Ni2+∼Co2+>Mn2+ [42]

and the TMI2+-Se2− bond strengths (∆Hf298) are 136, 201 and 293 KJ
mol

for Zn, Mn and Cu respectively[43], we were unable to find bond strengths

for Co2+-Se2−. The trends in both TMI(II)stability and bond strength

are favorable for exchange from Zn to the other TMI2+ ions, although the

Cu(II)acetate is more stable than Zn(II)acetate, this stability should be

easily offset by difference in bond strength between Cu2+-Se2− and Zn2+-

Se2−. We speculate that because of the high relative stability of the Cu2+-

Se2− bond, instead of rearranging the QD surface to incorporate the copper

ion, the copper ion will remove the selenium ion from the QD host lattice.

With many of these events happening simultaneously on the QD surface,

the high concentration of CuSe monomers and destabilized ZnSe QDs will

result in local supersaturation and formation of CuZnSe QDs of various

shapes and sizes as observed in figure 3.5. The observation of particles

with high size- and shape polydispersity after both the Cu(II)acetate and

the Co(II)acetate reactions suggests a similarly strong Co2+-Se2− bond.

The same reaction that was performed with Mn, Co and Cu precursors

were also performed with Ni(II)acetate precursors, the reaction mixture

formed a gel upon heating. We were unable to extract any nanoparticles

from the gel into a liquid phase to measure absorption spectra, emission

spectra or do TEM experiments.

The reaction conditions were altered to perform a cation-exchange reaction

with silver and palladium, reaction conditions are described in detail in the

experimental section. The reaction temperature was reduced from 200 ◦C to

60 ◦C in an effort to prevent the rapid attachment of ions to the QD surface

as was observed for cobalt and copper in the previously discussed samples.

Low cation precursor concentrations and a short reaction time were used in
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Figure 3.5: TEM images of ZnSe QDs after the reaction with cobalt
(left) and with copper (right).
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Figure 3.6: Room temperature absorption spectra of ZnSe QDs dis-
solved in toluene after reaction with a cobalt acetate precursor (red line)
after reaction with a copper acetate precursor and (blue line) ZNSe QDs

before reaction (black line).



78 Chapter 3. Luminescent Mn-Doped ZnSe Made by Cation-exchange

400 500 600
0.0

0.5

1.0  Parent QDs
 Co2+ reaction
 Cu2+ reaction

 

 

In
te

ns
ity

 (N
or

m
al

iz
ed

)

Wavelength (nm)

Figure 3.7: Room temperature emission spectra of ZnSe QDs dissolved
in toluene after reaction with a cobalt acetate precursor (red line) after
reaction with a copper acetate precursor and (blue line) ZNSe QDs before

reaction (black line).

an effort to reduce doping concentrations. Figure 3.8 shows TEM images

of the ZnSe QDs after the reaction with silver (left), after the reaction

with palladium (middle) and before reaction (right). As was observed for

the copper and cobalt samples as well, the TEM image of the silver sample

contains particles that are larger than the parent QDs and are different (and

not uniform) in shape. Unlike the previously discussed samples, the silver

sample still contains many particles that are the same as the parent QDs

in both shape and size. The TEM image indicates that the silver has only

reacted with a part of the particles. Energy-dispersive X-ray spectroscopy

was performed on different parts of the sample; the results are shown in

table 3.1. A measurement performed on the big particles in the middle of

this TEM image gave a value of 27 ± 5 atomic % Ag, while measuring in

the bottom right where there are more small particles gave a value of 16.7 ±
2.5 atomic % Ag, which agrees with the observation that the small particles

are the (mostly) unmodified ZnSe QDs while the larger particles are ZnSe
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QDs that have reacted with the silver precursor. The QDs formed during

the palladium cation exchange reaction, shown in the middle image, are all

similar to the parent QDs in shape and size. The EDS data, however, show

that the particles contain a small amount (2 ± 1.3 atomic%) of palladium

suggesting successful cation exchange. Unfortunately no luminescence was

observed from either of the samples.

Figure 3.8: TEM images of ZnSe QDs after the reaction with silver
(left), after the reaction with palladium (middle) and before the reaction

(right).

Zn (atomic%) Se (atomic%) Ag/Pd (atomic%)

ZnSe 58.0 ± 2.1 42.0 ± 2.5

ZnSe-Ag 38.6 ± 2.7 45 ± 4 16.7 ± 2.5

ZnSe-Ag (Big particles) 23 ± 4 50 ± 7 27 ± 5

ZnSe-Pd 50.7 ± 2.7 47 ± 3 2 ± 1.3

Table 3.1: Atomic concentrations of Zn, Se and Ag/Pd from ZnSe QDs
before and after reacting with silver and palladium obtained with TEM-

EDS.

The palladium sample retained the faint yellow color of the ZnSe QD so-

lutions. The silver sample however, turned brown instantly upon injection

of the silver precursor. This suggests that the silver precursor reacts very

rapidly with the ZnSe QDs, the silver ions are reduced and form a layer of

metallic silver around the ZnSe QDs. The TEM images suggest that the

silver precursor reacts so quickly that all of the precursor has reacted before

it can be properly distributed throughout the solution and only part of the

QDs come in contact with the silver precursor before all of the precursor
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has reacted. In figure 3.9 we show the absorption spectra of the three (un-

doped ZnSe, silver and palladium doped) samples. The palladium doped

sample shows the same features as the undoped ZnSe sample, which can

be attributed to ZnSe QDs. The same features can be distinguished in the

silver sample, albeit superimposed on a broad band. This broad band is

attributed to metallic silver which is grown around some of the ZnSe QDs

in the sample upon addition of the Ag-precursor. The feature around ∼430

nm in the absorption spectrum of the sample that has reacted with the Ag-

precursor can be assigned to unreacted ZnSe QDs that are also observed in

the TEM image. The similarity between the undoped ZnSe sample and the

palladium doped sample agrees well with the observations from the TEM(-

EDS) measurements: the QDs are unchanged aside from a small amount

of added palladium.

Figure 3.9: Room temperature emission spectra of ZnSe QDs dissolved
in toluene after reaction with a silver precursor (red line), after reaction
with a palladium precursor and (blue line) ZnSe QDs before reaction

(black line).
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3.4 Conclusions

In conclusion, we have shown that luminescent ZnSe QDs doped with Mn2+

ions can be synthesized using a two-step process of QD synthesis followed

by cation exchange doping. These doped particles show dual emission, an

excitonic ZnSe emission around 423 nm and a red 580 nm emission that

is characteristic for Mn2+ in ZnSe with a 242 µs radiative decay time, in

good agreement with the decay time for the Mn2+ emission in bulk ZnSe.

Applying the same cation exchange method for doping using different tran-

sition metal ion precursors (Ag, Co, Ni) was unsuccessful and demonstrates

that cation exchange is not a straightforward approach to dope zinc chalco-

genides with any transition metal ion. A promising first step has been made

towards adapting the method for doping ZnSe NCs with palladium.
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Chapter 4

Optical properties of

Mn-doped ZnTe magic size

nanocrystals

Abstract

In this chapter we report on the successful synthesis of ZnTe magic size

nanocrystals (MSNCs) doped with Mn2+. Colloidal ZnTe MSNCs are pre-

pared via a hot-injection method and doped with Mn2+ via cation exchange.

The doped MSNCs show an emission band centered at 620 nm with a radia-

tive decay time of 45 µs, characteristic of Mn2+ in ZnTe. The excitation

spectrum of the Mn2+ emission shows narrow absorption bands correspond-

ing to different sizes of ZnTe MSNCs providing further evidence that the 620

nm emission originates from Mn2+ incorporated in the ZnTe host, rather

than Mn2+ bound to the surface. The Mn2+-doped ZnTe clusters may serve

as nuclei for the growth of larger ZnTe quantum dots doped with a single

Mn2+ ion.

87



88 Chapter 4. Optical properties of Mn-doped ZnTe MSNCs

4.1 Introduction

The size-dependence of the opto-electronical properties of semiconductor

nanomaterials is one of the main reasons why these materials have gained so

much attention from the scientific community over the last decades and why

these materials are so attractive for (potential) applications like solar cells,

solar concentrators, LEDs and biolabels[1]. This same size dependence also

allows us to correlate particle size to features in absorption spectra, and

thus follow particle growth during colloidal synthesis. As the nanoparti-

cles grow, the energy levels become more closely spaced and consequently

the absorption features come closer and appear less well-defined. More

importantly, the band-gap decreases and all features, including the first

absorption transition, shift to lower energies. Under some reaction condi-

tions, sharp absorption peaks have been observed in the early stages of NC

growth. These peaks have been assigned to the presence of an intermediate

between molecules and NCs that typically contain 10-100 atoms. Interest-

ingly, these peaks always appear at specific wavelengths and consequently

come from particles of specific sizes, containing a well-defined number of

atoms. Since only these specific sizes are observed and they are evidently

more stable than other sizes (slightly larger or slightly smaller particles) we

refer to them as “magic” sizes and to the particles as magic size nanocrys-

tals (MSNCs). In the case of metal magic size particles, the relative stabil-

ity of these sizes has been explained as originating from the formation of

closed electronic or geometric shells of atoms[2]. Although much less work

has been done on semiconductor magic size particles and it has not been

proven that this model can adequately describe them, the model does pro-

vide a good working hypothesis. It has been shown that these MSNCs can

be used as intermediary materials for the synthesis of larger nanoparticles.

For example, it has been shown for CdSe MSNCs that they can be used as

seeds to grow larger NCs[3] and ZnTe MSNCs have been used to synthe-

size ultra-narrow (Zn,Cd)Te-CdSe colloidal heteronanowires[4]. With the

possibility of growing larger nanoparticles with these MSNCs as seeds, an



Chapter 4. Optical properties of Mn-doped ZnTe MSNCs 89

opportunity arises for the synthesis of doped nanomaterials with a new de-

gree of control. If dopant ions could be introduced into these MSNCs and

the MSNCs could then be used as seeds for larger nanoparticles, this could

ensure positioning of the dopant near the center of the particle. Moreover,

such an approach to nanoparticle synthesis would allow for control of the

dopant percentage by variation of the size of the final particle. Such control

can help provide a facile route for the synthesis of dilute magnetic semicon-

ductor NCs, QDs doped with a small percentage (∼1 dopant atom/NC)

of magnetically active ions (like Mn2+). These particles would be very

interesting for the emerging field of spintronics[5].

To the best of our knowledge, the luminescence of Mn2+ has only been

observed in bulk ZnTe[6], in a glass matrix[7] and in (Zn,Mn)Te nanowires

grown by molecular beam epitaxy[8], and no synthesis methods for Mn-

doped ZnTe colloidal NCs, or for doped MSNCs, have been reported before.

Here we make colloidal ZnTe MSNCs and demonstrate that they can be

doped with Mn2+ ions using a cation exchange method, leading to red lu-

minescing doped MSNCs. We provide an in-depth discussion of the optical

properties of these Mn2+ doped ZnTe MSNCs.

4.2 Experimental Methods

Chemicals: Trioctylphosphine (TOP, tech. grade 90%), Hexadecylamine

(HDA, 90%), anhydrous Triethylorthoformate (TEOF, 98%),

Mn(II)cyclohexanebutyrate and anhydrous toluene were purchased from

Sigma-Aldrich. Diethylzinc (Zn(Et)2 (98%) and Tellurium powder (99.999%,

≤250 micron) were purchased from STREM Chemicals and Chempur re-

spectively. All reagents were used as received with the exception of HDA.

Before use, HDA was dried and degassed by heating under vacuum for 3

h at 140 ◦C. The dried and degassed HDA was subjected to further pre-

treatment in order to remove any residual moisture and alcohol impurities.

This was done by adding TEOF (5.4 % (m/m)) to the pretreated HDA
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at 50 ◦C under a N2 atmosphere (< 5 ppm O2 and H2O). This mixture

was heated to 220 ◦C and kept under reflux for ∼30 min. Subsequently,

the mixture was degassed under vacuum (1 h, ∼120 ◦C) to remove residual

TEOF and reaction products. The pre-treatment with TEOF was neces-

sary to achieve a high degree of control of the growth kinetics of the ZnTe

MSNCs[9].

Synthesis: ZnTe MSNCs were synthesized via a hot injection method, in

which a cold solution of Tellurium in TOP was injected into a hot solution

containing HDA, TOP and Zn(Et)2. All syntheses were performed in a

glove-box under nitrogen (< 5 ppm O2 and H2O). Stock solutions of 0.65

mM Zn(Et)2 and 0.54 mM Te in TOP were used. HDA (36 g) was loaded

in a reaction flask and heated to 200 ◦C. At this temperature Zn(Et)2 stock

solution (2.83 g) was added. After 5 minutes, Te stock solution (1.12 g)

was swiftly injected into the reaction mixture under stirring. The reaction

temperature was kept constant at 200 ◦C for 30 minutes. To end the

reaction, heating was removed and 8 mL of cold toluene was added.

ZnTe MSNCs were doped with Mn using a cation exchange method. 5

g HDA was heated to 170 ◦C in a reaction flask. After heating, 1.32 g

of the previously prepared ZnTe MSNC solution, washed three times with

methanol, and 0.5g TOP, was added. After 15 minutes, 1 mL of cold

Mn(II)cyclohexanebuterate dissolved in TOP (0.1 M) was slowly added to

the reaction mixture. The reaction temperature was maintained at 170 ◦C

for 60 minutes and aliquots (∼1 mL) of the reaction mixture were taken

at 10, 20, 30 and 40 minutes. The Mn2+ emission intensity increases from

the 10 min to the 40 minute aliquots, and remains stable thereafter. All

spectra shown in this paper were recorded for the 40 minute sample.

Characterization: Samples for TEM imaging were prepared by dipping

a carbon-coated copper (400-mesh) TEM grid into a toluene solution of

purified QDs. The excess liquid was removed by blotting using filter paper.

Transmission electron microscopy (TEM) images were recorded using either

a FEI TECNAI T10 or a FEI TECNAI T20, operating at 100 kV and 200
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kV respectively; energy dispersive X-ray spectroscopy (EDS) was performed

using the FEI TECNAI T20. The EDS measurements were performed using

an acquisition time of 1 min.

Optical Spectroscopy: Absorption and Photoluminescence (PL) spec-

tra, PL decay curves. Absorption spectra were measured on a double beam

Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer. Lu-

minescence spectra were recorded with an Edinburgh Instruments FLS 920

spectrofluorometer with a 450 W Xe lamp for excitation and a double

monochromator (Bentham DTMS300, 1200 lines/mm grating, blazed at

300 nm) for selection of the excitation wavelength. Emission was detected

using a Hamamatsu R928 photomultiplier tube with a Bentham TMS300

monochromator (1200 lines/mm grating, blazed at 500 nm). Lifetime mea-

surements were recorded using the 3rd harmonic of a 10 Hz pulsed Nd:YAG

laser as the excitation source giving 10 ns pulses at 355 nm. The emitted

light was collected with a fibre optic cable to the monochromator (Acton

SP-300i, 0.3m, 150lines/mm grating, blazed at 500 nm). The lumines-

cence decay traces were recorded using a thermoelectrically cooled photo-

multiplier tube in combination with a Tektronix 2430 1 GHz oscilloscope.

Samples for optical measurements were prepared by directly dissolving the

crude reaction mixture in anhydrous toluene under nitrogen.

4.3 Results and Discussion

The ZnTe MSNCs are synthesized using the method described by Groen-

eveld et al.[9] by injecting a solution of Te in tri-octylphosphine (TOP) into

a hot mixture of Zn(Et)2, hexadecylamine (HDA) and TOP at 200 ◦C. In

a second step the NCs obtained are doped with Mn2+ by cation exchange.

To this end, a solution of Mn(II)-cyclohexanebutyrate in TOP was slowly

added to a hot mixture of NCs in an alkylamine. Detailed experimental

information can be found in the experimental section.
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Luminescence and absorption spectra were recorded to characterize the

ZnTe MSNCs and to determine whether the Mn2+ doping was successful.

In Figure 4.1 the absorption spectra of the ZnTe MSNCs before and after

doping are shown. The two spectra are nearly identical and show a shoulder

at 320 nm and three absorption peaks at 333, 355 and 378 nm, respectively.

The only difference between the two absorption spectra is that the relative

intensity of the peak at 378 nm has slightly increased at the expense of the

355 nm peak in the absorption spectrum after Mn-cation exchange. The

absorption spectra are in agreement with those reported by Groeneveld

et. al[9] where different absorption peaks are assigned to different sizes of

MSNCs. There is a direct relation between the position of an electronic

transition in the absorption spectrum and the size of a semiconductor NC:

bigger NCs absorb at lower energies[1, 10]. As MSNCs contain a well-

defined number of atoms, discrete peaks are observed in the absorption

spectrum and each MSNC size will be characterized by a single sharp peak.

Spectra of samples containing multiple MSNC sizes, as the samples used for

our experiments, will thus show multiple peaks. The peak at 355 nm has

been ascribed to ZnTe MSNCs with a diameter of 1.5 nm, while those at

333 and 378 nm were assigned to 1.3 nm and 1.8 nm diameter ZnTe MSNCs

respectively by Groeneveld et. al[9]. The small increase in intensity of the

378 nm peak at the expense of the 355 nm peak thus indicates that the

relative population of the ∼1.8 nm MSNCs has increased, suggesting that

some MSNC growth has occurred during the cation exchange reaction.

In figure 4.2 the room temperature emission spectrum of the ZnTe MSNCs

after cation exchange is shown for excitation at 356 nm, the strongest ab-

sorption peak of the ZnTe MSNCs. The emission spectrum shows two

broad bands, one with a maximum around 420 nm and a shoulder around

460 nm and one between 550 and 700 nm peaking at 620 nm. The 420

nm band, including the shoulder, is also observed in samples prepared by

injecting only the Zn-precursor into HDA and is therefore assigned to the

HDA-Zn complex. It can however not be excluded that part of this blue

emission originates from undoped ZnTe MSNCs. It should be noted that
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Figure 4.1: Room temperature absorption spectra of ZnTe magic size
nanocrystals dissolved in toluene a) before and b) after the cation ex-

change reaction with Mn.

a 385 nm long pass filter is used in this experimental setup, without this

filter the first band extends further into the UV and is centered around

400nm. The second emission band, around 620 nm, is similar to the Mn2+

4T1 →6 A1 emission around 575 nm observed for ZnSe:Mn2+ samples. As

mentioned before, for Mn2+ in bulk ZnTe, this emission has been observed

around 620 nm[7]. The agreement between the presently observed 620 nm

emission band with the position reported for bulk ZnTe:Mn provides strong

evidence for successful Mn2+ doping. The shift of the 4T1 →6 A1 emission

band to longer wavelengths in ZnTe in comparison to the other chalco-

genides is explained by the higher covalency of Te in comparison to S or Se,

giving a stronger nephelauxetic effect which lowers the energy of the 4T1
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excited state[11].

Figure 4.2: Room temperature emission spectrum of ZnTe:Mn MSNCs
upon excitation at 356 nm.

The luminescence decay curve shown in figure 4.3 was analyzed to provide

further evidence that the emission band at 620 nm can indeed be attributed

to Mn2+ dopants. The figure shows the decay curve of the 620 nm emis-

sion from Mn-doped ZnTe MSNCs at 4 K upon pulsed excitation at 355 nm

with 10 ns pulses from a frequency tripled Nd-YAG laser. Decay curves

were recorded at low temperature to minimize non-radiative decay pro-

cesses, allowing the observation of the intrinsic radiative decay time. The

luminescence decay curve shows a nearly single exponential decay behavior.

Fitting the decay to a single exponential gives a decay time of 45 µs. The

Mn2+ 4T1 →6 A1 transition is both spin and parity forbidden and there-

fore a long decay time is expected. Spin-orbit coupling relaxes the spin

selection rule. Since spin-orbit coupling is stronger for heavier elements, a

shortening of the Mn2+ decay time is expected in the order ZnS – ZnSe –

ZnTe. Indeed, for Mn2+ emission in ZnS the luminescence decay time is

∼1.2 ms[6] and in ZnSe it is reduced to ∼0.2 ms. No clear difference is ob-

served between decay times for Mn2+ in bulk and nanocrystalline systems
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although some variation may be expected due to differences in the refrac-

tive index[6, 12–14]. Some variation in reported decay times for Mn2+ in

ZnS and ZnSe can be explained by the presence of different types of Mn-

sites and the influence of Mn-concentration. Magnetic coupling between

neighboring Mn2+-ions lifts the spin selection rule and faster decay times

are observed at higher Mn-concentrations[11, 13, 15, 16]. Reports on the

lifetime of the 4T1 →6 A1 emission of Mn2+ in ZnTe are scarce. For bulk

ZnTe:Mn, no luminescence decay measurements have been reported, but a

lifetime of 40 µs was mentioned for highly doped ZnTe:Mn (10%), based

on private communication[6]. This short decay time is consistent with the

presently observed 45 µs for Mn2+ in ZnTe MSNCs and the shortening with

respect to the decay times for Mn2+ in ZnS and ZnSe is explained by the

increased spin-orbit coupling induced by the heavy Te anions. The good

agreement with the life time reported for Mn2+ emission in bulk ZnTe pro-

vides further evidence for the incorporation of Mn2+ in the ZnTe MSNCs

even though the small size of MSNCs requires the Mn2+ ions to be close

to the surface. The similar position of the emission band (620 nm) and

lifetime of the emission (45 µs) to those for Mn2+ in bulk ZnTe provide ev-

idence that the Mn2+ ions are in a Te coordination similar to that for bulk

ZnTe. EPR mearusrements may be able to provide detailed information on

the exact coordination and variation between different Mn2+ sites[17].

Excitation spectra of emission from luminescent ions provide evidence for

the presence of these ions in the host[18]. Figure 4.4 shows a room tem-

perature excitation spectrum of Mn-doped ZnTe MSNCs for the Mn2+

4T1 →6 A1 emission at 615 nm. Three excitation maxima at 323, 358 and

378 nm and a shoulder at 333 nm, are observed. These excitation wave-

lengths are in good agreement with the absorption wavelengths for ZnTe

MSNCs in Figure 4.1. The fact that Mn2+ can be excited at wavelengths

where the ZnTe MSNCs absorb, show that efficient energy transfer from the

MSNCs host to Mn2+ occurs and is strong evidence for the incorporation

of Mn2+ in the ZnTe MSNCs. No excitation bands or lines are observed

at wavelengths longer than 450 nm. Mn2+ has energy levels between 450
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Figure 4.3: Luminescence decay curve of the 620 nm emission of ZnTe:
Mn2+ MSNCs under pulsed 355 nm excitation at 4 K.

and 600 nm but due to the spin- and parity-forbidden nature of the tran-

sitions within the 3d5configuration, the absorption strength is too small

to be observed and direct 3d5excitation lines for the Mn2+ emission are

absent. A significant difference between the excitation spectrum and the

absorption spectra is the relative intensity of the 378 nm excitation line in

the excitation spectrum with respect to the intensity of the 378 nm line in

the absorption spectrum. The 378 nm excitation band corresponds to the

largest MSNCs and has a higher relative intensity in the excitation spec-

tra. An explanation for this observation is that the larger MSCNs have a

higher probability to incorporate a Mn2+ ion due to the larger number of

Zn sites available for cation exchange resulting in a larger fraction of Mn-

doped MSCNs. Alternatively, the difference in relative intensities between

the peaks in the absorption and excitation spectra may be due to a higher

luminescence efficiency for the largest Mn-doped MSCNs. Moreover, satu-

ration effects in the excitation spectrum can also not be excluded. These

effects originate from the fact that at sufficiently high optical densities the

relationship between the absorption cross section and the concentration of
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the absorber becomes nonlinear, with larger deviations for stronger transi-

tions. Therefore, the relative intensities between different transitions in an

excitation spectrum may become distorted[19].

Figure 4.4: Room temperature excitation spectrum of the 4T1 →6 A1

emission of Mn2+ at 615 nm for ZnTe:Mn MSCNs.

4.4 Conclusions

In conclusion, we have shown that ZnTe MSNCs can be successfully doped

with Mn2+ ions using a cation exchange method. Photoluminescence spec-

tra of the doped MSNCs show red 620 nm emission that is characteristic for

Mn2+ in ZnTe with a 45 µs radiative decay time, in good agreement with

the decay time for the Mn2+ emission in bulk ZnTe. Peaks in the excitation

spectrum of the Mn2+ emission coincide with the absorption peaks for dif-

ferent sizes ZnTe MSNCs showing that energy transfer occurs to Mn2+ ions

inside the MSCNs. Further growth of Mn-doped MSNCs to larger ZnTe

quantum dots is a promising route for the synthesis of ZnTe QDs doped

with a single Mn2+ ion.
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Chapter 5

Incorporation of luminescent

Yb3+ ions into CdSe QDs

Abstract

A successful approach to incorporate Yb3+ ions into CdSe QDs is reported in

this chapter. CdSe QDs are grown using a hot injection method, Yb3+ ions

are attached to the surface and subsequently overgrown with more CdSe.

Our spectroscopic data shows strong coupling of the Yb3+ to the QD result-

ing in energy transfer from the excited QD to the Yb3+ ion and subsequent

narrow line emission from the Yb3+ ions, successfully combining the strong

size-tunable absorption features of the QD with the efficient narrow line

emission from the incorporated lanthanide ion. Overgrowth with Se greatly

improves the Yb3+ luminescence intensity which is also reflected by a longer

emission lifetime. The luminescence intensity and lifetime are further im-

proved by growing up to two monolayers of CdSe using the successive ionic

layer adsorption and reaction (SILAR) method.
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5.1 Introduction

With the growing interest in doped nanomaterials, extensive research has

been done on the incorporation of dopant ions with magnetic or optical

functionalities into nanomaterials in recent years[1–3]. Although successful

incorporation of TMIs (transition metal ions) like Mn2+ into semiconduc-

tor nanomaterials of different compositions has been reported[4–7], lan-

thanide ions are usually incorporated into phosphate or fluoride insulator

nanocrystals[8, 9]. While lanthanide doped insulator nanoparticles give the

size-related advantages of being non-scattering and having a biocompatible

size, the optical properties are determined purely by the lanthanide ion

and do not depend on the nanoparticle size. In this work, we aim to com-

bine the size-tuneable strong absorption features of QDs (quantum dots)

with the efficient sharp emission lines from the trivalent lanthanide’s f-f

transitions. In previous work, incorporation of lanthanide ions has been

shown to be challenging[10, 11]. Nonetheless, a good number of reports

have claimed incorporation of lanthanide ions into QDs[11–17]. Convinc-

ing evidence for the incorporation of lanthanide ions into the QDs is the

observation of energy transfer from the QD host to the lanthanide ion. Ev-

idence of this energy transfer can be found in the form of excitation spectra

for the lanthanide emission which show the characteristic QD absorption

features.

The earliest papers reporting incorporation of optically active ions into

QDs have been performed by mixing precursors of the dopant ion into the

precursor solution used in a hot-injection QD synthesis. This method has

proven to be successful for a range of different TMI doped QDs[18–22]

and has been used in synthesis strategies aimed at making QDs containing

dopant lanthanide ions[13, 16, 17]. In 2002, Strouse et. al. showed Eu2+

could be incorporated into CdSe QDs using a single precursor method, but

no Eu2+ luminescence was reported. A single source precursor approach

has proven successful in synthesizing doped QDs that could not be readily
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obtained using other methods[1, 12, 23]. More recently, cation exchange

has been discovered as a promising method to introduce different cations

into QDs [7, 24–27]. Here we report a multi-step method for the incorpo-

ration of Yb3+ into CdSe QDs based on the synthesis of CdSe QD seeds

using a hot injection method, attachment of Yb3+ on the QD surface and

overgrowth with CdSe using the SILAR method. In a recent publication

incorporation of Yb3+ in CdSe QDs was demonstrated using this multi-step

method as was proven by the observation of the characteristic features of

the QD absorption spectrum in the excitation spectrum of the narrow line

Yb3+ emission[28]. Here we provide further insight in the incorporation

mechanism and show how the QD absorption spectrum can be tuned by

varying the QD size through successive ionic layer adsorption and reaction

(SILAR) while keeping the Yb3+ narrow line emission at 980 nm. In ad-

dition to the tunable QD absorption, SILAR leads to a higher quantum

efficiency which is reflected by a longer emission life time after successive

CdSe overgrowth steps.

5.2 Experimental Methods

Chemicals: Selenium (99.999%) was purchased from Alfa. Oleic acid (OA,

99%) was purchased from Fluka. Acetone (99.9%), Cd-acetate(99.99%),

tri-octylphospine (TOP, 90%), tri-octylphosphine oxide (TOPO, 90%), oc-

tadecylamine (ODA, 97%) Yb-acetate (99.9%), oleylamine (OLAM, 70%)

and the solvents hexane (≥99%), 1-octadecene (ODE, 90%) and toluene

(99.8%) were purchased from Sigma-Aldrich. Methanol (99.9%) was pur-

chased from Sial. All reagents were used as received except for ODE, ODA

and OLAM, which were degassed by heating under vacuum at 150 ◦C for

approximately 4 hours.

Synthesis: All experimental work was performed inside a Nitrogen-purged

glove box unless mentioned otherwise.
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CdSe:Yb3+ QDs were synthezised using a multistep approach. In the

first step, CdSe QDs were synthesized using an adaptation of the Peng

method[29], following the work of de Mello Donegá et. al.[30]. In a second

step, Yb3+ ions were incorporated using an adaptation of the method of

Yang et al. for doping of CdS/ZnS nanocrystals with Mn2+ ions [31]. After

the addition of Yb3+, a layer of Se was added to complete the incorpora-

tion of Yb3+. In order to protect the Yb3+ ions from the surroundings a

final step was performed, in this step a CdSe shell was grown around the

CdSe:Yb3+ QD using a SILAR method[32].

Synthesis of CdSe QDs:

A clear but faintly brown precursor solution of cadmium oleate was made

by mixing 0.32 g (1.4 mmol) of Cd-acetate, 1.8 g (6.6 mmol) of OA and 13 g

(50 mmol) of ODE. The mixture was degassed by heating under vacuum at

150 ◦C. A clear and colorless Se precursor solution was made by dissolving

0.35 g (4.4 mmol) of Se powder in 1.9 g (5.1 mmol) of TOP and then adding

3.0 g (12 mmol) of ODE at ∼ 150 ◦C.

The CdSe QDs were prepared using a hot injection method: 1.11 g (2.8

mmol) of TOPO, 3.2 g (11.9 mmol) of ODA and 5.2 g of the Se precursor

solution were added to a three-neck round-bottom flask and heated to 290

◦C. At 290 ◦C 4.9 g of the Cd oleate precursor solution was rapidly injected,

leading to a direct color change of the reaction mixture from colorless to

bright yellow and a drop in temperature to ∼ 270 ◦C. The temperature was

allowed to rise back to a growth temperature of 280-290 ◦C, the color of

the reaction mixture shifted from yellow to orange/red during the reaction.

After 10 minutes the reaction was quenched by removing the heating and

adding hexane. The samples were washed twice by adding methanol and

removing the colorless methanol phase. The QDs were then precipitated by

addition of acetone and centrifugation at 3000 rpm for 15 minutes. After

centrifugation the liquid was decanted and the precipitate was re-dispersed

in 2 mL of hexane.
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Yb3+ incorporation:

A clear and faintly yellow concentrated stock solution of ytterbium oleate

was made by mixing 0.46 g (1.1 mmol) ytterbium acetate hexahydrate

with 1.88 g (6.7 mmol) of OA and 13 g (50 mmol) of ODE. The mixture

was degassed by heating under vacuum at 150 ◦C. A concentrated TOP-Se

stock solution was made by adding 0.8 g (10 mmol) of selenium powder to a

mixture of 6 mL of TOP and 14 mL of ODE at 150 ◦C. Heating was removed

when a clear and colorless solution was obtained. A concentrated TOP-

free Se stock solution was prepared by mixing 0.8 (10 mmol) of selenium

powder into 20 mL of ODE, the resulting mixture is black and turbid and

the selenium precipitates rapidly. Precursor solutions were obtained by

diluting the concentrated stock solutions 20 times with ODE.

The Yb3+ incorporation process was carried out by adding 140 nmol of

previously synthesized CdSe QDs dispersed in hexane to a vial containing

9 mL of ODE and 3 mL of OLAM. The mixture was heated to 265 ◦C, the

sample was kept at 265 ◦C for 30 minutes to allow all the hexane to evap-

orate. After these 30 minutes, 1 mL of ytterbium oleate precursor solution

was added dropwise (0.3 mL/min). The sample was then kept at 265 ◦C

for 30 minutes to let the Yb3+ incorporation reaction take place. After

these 30 minutes, 1 mL of Se or TOP-Se precursor was added dropwise

(0.3 mL/min). The samples were washed twice by adding methanol and

removing the colorless phase. The QDs were then precipitated by addition

of acetone and centrifugation at 3000 rpm for 15 minutes. After centrifuga-

tion the liquid was decanted and the precipitate was re-dispersed in 2 mL

of anhydrous toluene.

SILAR:

A clear but faintly brown 0.1 M cadmium oleate precursor solution was

prepared by mixing 0.57 g (2.1 mmol) of cadmium acetate with 6.19 g (22

mmol) of OA and adding 18 mL of ODE. The mixture was stirred and

heated to 120 ◦C under vacuum. A clear and colorless TOP-Se precursor



106 Chapter 5. Incorporation of luminescent Yb3+ ions into CdSe QDs

solution was made by adding 0.71 g (9.0 mmol) of selenium powder to a

mixture of 5 mL of TOP at 130 ◦C, heating was removed when a clear

and colorless solution was obtained. The sample was diluted with ODE to

obtain a concentration of 0.1 M. A TOP-free 0.1 M Se precursor solution

was prepared by mixing 0.08 g (0.9 mmol) of selenium powder into 10

mL of ODE, the resulting mixture is black and turbid and the selenium

precipitates over time.

The SILAR procedure is based on a series of addition and reaction steps.

100 nmol of washed CdSe:Yb3+ QDs dispersed in toluene was added to a

mixture of 6 mL of ODE and 2 mL of OLAM, the mixture was heated to

240 ◦C. After a delay of 30 minutes to allow all the toluene to evaporate,

the required volume of cadmium oleate precursor was added. The mixture

is left at 240 ◦C for 30 minutes to allow the QDs to react with the cadmium

oleate precursor. After 30 minutes a stoichiometric (Se vs. Cd) amount

of TOP-free selenium precursor is added and the QDs are allowed to react

for another 30 minutes. The addition of cadmium oleate and (TOP-free)

selenium precursors is repeated multiple times to obtain a larger CdSe

shell. The amounts of precursor used in this reaction increases after every

sequence of two addictions (Cd and Se) and are equal to the amount of

precursor needed to grow a single monolayer around all QDs as calculated

using the lattice parameters given by Hotje et. al[33].

5.3 Results and Discussion

5.3.1 Initial CdSe QDs

In a first step, the CdSe QDs were synthesized using an adaptation of

the Peng method[29], following the work of de Mello Donegá et. al.[30].

Detailed experimental information can be found in section 5.2. Figure

5.1 shows a transmission electron microscopy (TEM) image and energy

dispersive x-ray spectroscopy (EDS) spectrum of a typical sample. The
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TEM image shows that we obtained nearly spherical CdSe QDs with an

average diameter of 3.7 ± 0.4 nm. The EDS spectrum shows emissions

from the copper grid, from the CdSe QDs and from the organic coordinating

ligands on the QD surface. The relative elemental concentrations of Cd and

Se, as obtained from EDS, are 48.7 ± 1.5 % and 51.3 ± 1.5 % respectively.

Figure 5.1: TEM images of colloidal CdSe QDs with diameters of 3.7
± 0.4 (a) and EDS spectrum of the same sample (b).

In figure 5.2 an absorption and emission spectrum of the CdSe QDs ob-

tained by this method are shown. The lowest energy absorption peak is

well defined and centered at 557 nm, which corresponds to a diameter of

3.7 nm for CdSe QDs[34]. The 2nd, 3rd and 4th exciton transitions can

also be observed in the absorption spectrum. The emission spectrum shows

a single excitonic emission band centered at 575 nm. The narrow, well de-

fined, absorption bands and the narrow emission band suggest a low degree

of size polydispersity of the sample, an observation that agrees well with

the polydispersity of ∼10% as obtained from the analysis of the TEM data.

5.3.2 Incorporating Yb3+

A TEM image of the CdSe QDs after Yb3+ incorporation and Se over-

growth is shown in figure 5.3a. The image shows a monodisperse sample
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Figure 5.2

of nearly spherical particles that are slightly larger (4.0 ± 0.4 nm vs. 3.7

± 0.3 nm) than the initial CdSe QDs, which indicates successful growth

of an additional layer around the seed QDs. This observation agrees well

with the expected results of the intended incorporation mechanism: incor-

poration of Yb3+ in the surface of the QD and overgrowth of the Yb3+

rich surface with Se. Figure 5.3b shows an EDS spectrum of the particles

shown in figure 5.3a. The spectrum looks similar to the EDS spectrum

shown in figure 5.1b with the addition of Yb peaks. The relative elemental

concentration obtained from integrated EDS peak intensities before and af-

ter Yb3+ incorporation are tabulated in table 5.1. The CdSe:Yb3+ sample

contains ∼8 ± 4 atomic % of Yb, indicating incorporation of a significant

amount of Yb3+ ions into these QDs. The decrease in the Cd : Se ratio

from ∼1:1 to ∼34 : 59 supports the conclusion that a significant amount of

another cation than Cd is incorporated into the QD. The decrease in total

cation : anion ratio can easily be explained when one realizes that while

both divalent and trivalent cations are present, all anions are divalent.

To get a better understanding of the local environment of the Yb3+ ions



Chapter 5. Incorporation of luminescent Yb3+ ions into CdSe QDs 109

Figure 5.3: TEM images of colloidal CdSe QDs after Yb3+ incorpora-
tion and Se overgrowth with a diameter of 4.0 ± 0.4 nm (a) and EDS

spectrum of the same sample (b).

Cd (atomic %) Se (atomic %) Yb (atomic %)

CdSe 48.7 ± 1.5 51.3 ± 1.5

CdSe:Yb 34 ± 3 59 ± 4 8 ± 4

Table 5.1: Atomic ratios of the different elements composing the CdSe
QDs before and after incorporation of Yb3+ and Se overgrowth as deter-

mined from EDS spectra of the QD samples.

in the QDs, luminescence spectroscopy can serve as an insightful tool to

probe the incorporation of Yb3+. The characteristic luminescence spectra

of lanthanide ions are only weakly dependent on the local surroundings by

anions and cations but still small spectral shifts and broadening give infor-

mation on the covalency and local (dis)order around the lanthanide ions.

. Figure 5.4 shows the visible (green line) and infrared (red line) emission

spectra of the CdSe:Yb3+ sample as an absorption spectrum (black dotted

line) and excitation spectra for the visible (600 nm) and infrared (985 nm)

emissions (blue and magenta dotted lines respectively). The visible emis-

sion at 584 nm is attributed to recombination of the confined CdSe exciton.

The infrared emission spectrum shows a sharp peak at 985 nm and a some-

what broader emission of lower intensity at 1030 nm, a typical emission

pattern for Yb3+ in a crystalline host that can be attributed to emission
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from the Yb3+ 2F5/2 level to different crystal field components of the Yb3+

2F7/2 level[35]. The excitation spectrum of the Yb3+ 2F5/2 → Yb3+ 2F7/2

emission shows the typical QD fine-structure and is nearly identical to the

excitation spectrum of the excitonic emission and the absorption spectrum

of the CdSe QDs. The similarity between the QD absorption spectrum/ex-

citation spectrum of the QD emission and excitation spectrum the Yb3+

emission shows that efficient energy transfer from the CdSe QD to the

Yb3+ ion occurs. The observation of energy transfer is a strong indication

for incorporation of the Yb3+ ions into the CdSe host. The presence of the

typical QD absorption features in the excitation spectrum of lanthanide

emission shows that significant energy transfer occurs from the QD to the

lanthanide ion. When no significant energy transfer is observed, this can

mean either that no efficient energy transfer mechanism exists due to the

alignment of the energy states or that the emitting lanthanide ions are not

incorporated into the QDs, but rather, are attached to the QD surface or

not attached to the QDs at all.

Due to the novelty of the system, little is known about the energy transfer

mechanism between QDs and lanthanide ions incorporated into those QDs.

Nonetheless, it is worthwhile to speculate on the possible energy trans-

fer mechanism. The simplest energy transfer mechanism is a single step

mechanism where the excited QD directly transfers its energy to the Yb3+

ion: QD∗ + Yb3+ 2F7/2 →QD + Yb3+ 2F5/2. However, since the energy

difference between emission energy of the sensitizer (the band-gap of the

CdSe QDs) and the excitation energy of the activator (the energy differ-

ence between the 2F7/2 and the 2F5/2 levels of Yb3+) is relatively large (

∼7000 cm−1) this energy transfer would require phonon assistance. There

is no spectral overlap between the quantum dot emission and the Yb3+

absorption spectrum. In view of the low phonon energy of the CdSe host

(phonon cut-off energy ∼250 cm−1) this transfer mechanism is not likely.

An alternative mechanism, similar to that proposed for bulk semiconduc-

tors and insulators doped with lanthanide ions involves a two-step energy

transfer mechanism. In the first step the excited conduction band electron
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Figure 5.4: Room temperature absorption spectrum (black dotted line)
together with infrared (red line) and visible (green line) emission spectra
of CdSe:Yb3+ QDs and excitation spectra of the visible (600nm) emission
(blue dotted line) and infrared (985 nm) emission (magenta dotted line).
The visible and infrared emission spectra are excited at 350 nm and 581

nm respectively.

in the QD is transferred to the Yb3+ ion, resulting in Yb2+ and a hole in

the valence band of the QD. In a second step, the Yb2+ ion captures the

hole from the valence band leaving the Yb3+ ion in the 2F5/2 excited state.

A schematic representation of this energy transfer mechanism is shown in

figure 5.5.

At this point it is interesting to note that, although we have clearly shown

that energy transfer from the excited CdSe QD to the incorporated Yb3+

ions occurs, we still observe a significant amount of CdSe emission origi-

nating from radiative exciton recombination (green line in figure 5.4). In

figure 5.6 two emission spectra of the same batch of CdSe QDs are shown,

recorded under the same conditions before (black line) and after (red line)
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Figure 5.5: Schematic representation of the proposed two-step energy
transfer mechanism. The QD is excited by absorption of a photon, cre-
ating an exciton in the QD. The ytterbium ion is reduced by capturing
the electron from the conduction band of the CdSe QD and subsequently
oxidized by the hole in the valence band of the CdSe QD. The Yb3+ ion is
than left in the excited 2F5/2 state from which it can return to the 2F7/2

ground state giving rise to the characteristic Yb3+ emissions at 985 and
1030 nm.
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Yb3+ incorporation. After Yb3+ incorporation the emission intensity has

decreased to 16 % of the initial intensity and the emission peak is slightly

red-shifted (575 nm vs. 584 nm). We propose two possible explanations

for the red-shift: incorporation of Yb3+ is more favorable for the smaller

QDs in the sample than it is for the larger QDs or the exciton wavefunction

extends into the additional Se layer to some degree and consequently the ex-

citon confinement is reduced in the QDs. If incorporation is more favorable

in smaller QDs, the exciton emission from these QDs would be quenched

more strongly due to energy transfer to Yb3+ and possibly by non-radiative

recombination caused by accompanying defects. Consequently a stronger

decrease in emission intensity would be expected at the blue side (where the

smaller QDs emit) of the exciton emission spectrum than on the red side.

More favorable incorporation into the smaller QDs could be explained by

a difference in reactivity. For smaller QDs the higher the surface/volume

ratio can lead to a lower stability and consequently higher reactivity. If

the exciton wavefunction extends into the additional Se layer the exciton

confinement is decreased by the growth of extra material around the QD

and emission from all QDs will be redshifted leading to a red-shift of the

entire exciton emission band.

The reduction of the integrated intensity of the exciton emission after Yb3+

incorporation and Se overgrowth to 16 % of intensity of the unmodified

CdSe QDs can be caused by a combination of energy transfer to the in-

corporated Yb3+ ions and quenching due to the introduction of (surface)

defects introduced during the incorporation procedure. The observed ratio

of integrated intensities puts an upper limit of 84 % on the energy transfer

efficiency.

Luminescence decay traces of the exciton emission from the CdSe QDs be-

fore and after Yb3+ incorporation and Se shell overgrowth are shown in fig-

ure 5.7. Both decay traces are clearly non-exponential. A non-exponential

shape of the luminescence decay curves is not unexpected for an ensemble

of QDs with some degree of polydispersity in surface area and a varying
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amount of defects per particle. The average decay times < τ > as defined

in equation 5.1 are 50.6 ns and 30.8 ns for the QDs before and after Yb3+

incorporation, respectively.

< τ >= λ

∫ ∞
0
te−λt dx. (5.1)

Notice that the drop in exciton luminescence intensity is significantly larger

than the decrease in luminescence lifetime. To explain this discrepancy we

propose that at least two decay pathways are introduced as a result of the

Yb3+ incorporation and Se overgrowth process. One of these processes

operates on a timescale similar to the exciton decay and shortens the ra-

diative lifetime of the excitonic emission. The other pathway occurs on a

much shorter timescale and completely quenches a part of the QD ensemble

which therefore do not contribute to the decay trace shown in figure 5.7.

Considering that the Yb3+ concentration in the QDs is ∼8 ± 4 at% (table

5.1), almost all CdSe QDs will have Yb3+ incorporated. Consequently, the

QD to Yb3+ energy transfer process cannot be attributed to the second

decay pathway or no significant exciton emission would be observed and

thus, it has to be attributed to the first process. The second process can be

explained by the presence of (surface) defects that give rise to fast trapping

of charge carriers and efficient non-radiative decay.

If, as proposed, the shortening of the exciton lifetime is caused by QD to

Yb3+ energy transfer, we need to explain why this energy transfer process

occurs on a 10-100 ns timescale rather than the 10-100 ps timescale usually

observed for energy transfer processes from semiconductor hosts to incor-

porated ions. To understand the relatively slow trapping the experimental

procedure is considered: the samples are prepared by attaching Yb3+ and

Se to the surface of previously synthesized CdSe QDs. Due to the difference

in charge and preferred anion coordination it is not expected that the Yb3+

ions diffuse into the QD and consequently all the Yb3+ ions are located in

the surface region of the QD, as is schematically shown in figure 5.8. The
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Figure 5.6: Room temperature emission spectra of the visible emission
from CdSe QDs excited at 350 nm before (black line) and after (red line)

incorporation of Yb3+ and Se overgrowth.
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Figure 5.7: Room temperature luminescence decay measurements of
the exciton emission at 600 nm from CdSe QDs excited at 375 nm before
(black line) and after (red line) incorporation of Yb3+ and Se overgrowth.
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probability for trapping of charge carriers depends on the spatial distribu-

tion of the exciton wavefunction which is large in the center of the QD and

small in the surface region (see figure 5.8). The limited overlap between

exciton and Yb3+ ion can explain the relatively low energy transfer rates.

Figure 5.8: Schematic representation of a CdSe:Yb QD: the Yb3+ ions
are located in the surface region of the QD, the exciton wavefunction is
largest in the center and smallest in the surface regions, the same holds
for the exciton probability distribution which is the square of the exciton

wavefunction.

To illustrate the necessity of the Se overgrowth for successful Yb3+ incor-

poration, emission spectra of CdSe:Yb QDs without Se overgrowth before

(black line) and after (red line) washing were recorded under identical con-

ditions. The emission spectra, shown in figure 5.9, both show a broadened

emission peak at 975 nm. The emission intensity for the washed sample

is significantly lower than for the unwashed sample. It is interesting to

note that the Yb3+ related emission peak is centered at 975 nm for the

samples before Se overgrowth whereas after overgrowth the emission has

shifted to 985 nm and is narrower (see figure 5.4). The red shift indicates

that Yb3+ ions experience a different, more covalent, local environment

after Se-overgrowth, consistent with the covalent character of Se ligands.

The narrowing is due to a more homogeneous local surroundings after Se
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overgrowth (all Se ligands) compared to the inhomogeneous surroundings

for Yb3+ absorbed on the QD surface. Moreover, no emission peak is ob-

served at 985 nm in figure 5.9, nor is any significant emission observed at

975 nm in figure 5.4. This indicates that before Se overgrowth all emitting

Yb3+ ions are located at the surface of the QD while after Se overgrowth no

significant amount of Yb3+ ions are left on the surface without full Se co-

ordination. The strong decrease in emission intensity after washing shows

that the Yb3+ ions are loosely bound to the QD surface and can be washed

off if no Se overgrowth is used. No such decrease in emission intensity is

observed for samples after Se overgrowth.

In figure 5.10 luminescence decay curves of the Yb3+ emission for CdSe:Yb

QDs with and without Se overgrowth are shown. Both decay curves can

be fit well with a bi-exponential decay function. The luminescence lifetime

of the Yb3+ emission before Se overgrowth is much shorter than after Se

overgrowth: τ1 = 7.2 µs and τ2 = 23 µs vs. τ1 = 28 µs and τ2 = 138

µs. The long decay component is dominant (>95% of the total emission

intensity) in both cases. The bi-exponential behavior suggests that there

are at least two types of emitting Yb3+ ions. We can speculate that the fast

component originates from Yb3+ ions close to a defect or surface ligands to

which fast energy transfer occurs. The faster decay for the sample before

Se overgrowth can be explained by the direct interaction of Yb3+ ions at

the surface of the QD with the surrounding organic ligands. The energy

gap of ∼10 000 cm−1 between the 2F5/2 excited state and 2F7/2 ground

state of Yb3+ can be bridged by four C-H vibrational quanta and fast non-

radiative multi-phonon relaxation is expected to shorten the decay time..

The absence of a long component (>100 µs) reinforces the conclusion that

there is no Yb3+ fully incorporated into the QD before Se overgrowth.

There are different option for the Se precursor for the Se overgrowth. The

dispersion of Se powder in ODE used above suffers from a low solubility of

Se in ODE and the tendency for the Se powder to sediment. This requires
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Figure 5.9: Room temperature emission spectra of the infrared emission
from CdSe:Yb QDs without Se overgrowth before (black line) and after

(red line) washing, the samples are excited at 530 nm.
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Figure 5.10: Room temperature luminescence decay measurements of
the Yb3+ emission at 985 and 975 nm from CdSe:Yb QDs with (black
line) and without (red line) Se overgrowth respectively, the samples are

excited at 565 and 590 nm respectively.
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rigorous mixing of the precursor just before addition. For easier process-

ability, a precursor solution instead of a dispersion would be favorable. In

figure 5.11 luminescence decay curves of the Yb3+ emission from CdSe:Yb

QDs overgrown with Se using a Se dispersion in ODE (black line) and us-

ing a TOP-Se solution in ODE (red line) are shown. The CdSe:Yb samples

overgrown with the TOP-Se precursor show a very weak Yb3+ related emis-

sion at 975 nm instead of the 985 nm emission observed after overgrowth

with the TOP-free precursor. Both decay curves can be fit well using a bi-

exponential decay function, the fits yield decay times of τ1 = 17.6 µs and

τ2 = 136 µs for the sample made using the TOP-free Se precursor and τ1

= 1.3 µs and τ2= 8.5 µs for the sample made using the TOP-Se precursor.

In both cases τ1 accounts for less than 5% of the total intensity. The very

short life time and low Yb3+ emission intensity show that the attempted

overgrowth with the TOP-Se precursor is not successful. The high stability

of the TOP-Se complex prevents Se growth on the QD surface under the

reaction conditions used. The high stability of TOP-Se may even result in

degradation of the QD surface and explains the even faster Yb3+ emission

decay and lower quantum yield after the attempted overgrowth compared

to before.

5.3.3 SILAR

To further increase the quantum yield of the Yb3+ emission and to be

able to shift the QD absorption further to the red spectral region, the

growth of successive layers of CdSe after Se-overgrowth was investigated.

Additional CdSe layers will give rise to a larger QD, giving rise to a red shift

of the absorption onset, and will possibly reduce multi-phonon relaxation

by increasing the distance between the Yb3+ ions and the high energy

vibrations of ligands attached to the surface. As a method for growth

of additional CdSe layer, we used attachment of Yb3+ and overgrowth

with Se, known as SILAR (successive ionic layer adsorption and reaction).

The SILAR method[32] is used to grow multiple layers of CdSe around
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Figure 5.11: Room temperature luminescence decay measurements of
the Yb3+ emission at 985 nm and 975 nm from CdSe:Yb QDs overgrown
with Se using a top-free Se precursor(black line) and with TOP-Se as a
Se precursor(red line) respectively, the samples are excited at 594 nm.

the CdSe:Yb3+ QD. A detailed description of the experimental methods

used for this procedure can be found in section 5.2. A TEM image of the

CdSe:Yb QDs after 5 layers of SILAR is shown in figure 5.12. Like the

CdSe cores shown in figure 5.1 and the CdSe:Yb QDs shown in figure 5.3,

the QDs are nearly spherical in shape. The QDs have an average diameter

of 6.2 ± 0.5 nm. In figure 5.13 absorption spectra of the CdSe QDs are

shown before incorporation of Yb3+ (black line), after incorporation of

Yb3+ and Se overgrowth (red line), and after one, two, three or five layers

of SILAR (green, blue, teal and magenta lines respectively). The lowest

energy absorption peaks in these spectra are located at 569, 573, 588, 594,

602 and 613 nm, respectively. A clear shift to longer wavelengths and

less well defined absorption peaks are evident after every successive step.

The change is noticeably larger for the SILAR steps than it is for the

Yb3+ incorporation and Se overgrowth step. The continuous shift to lower

energies is consistent with particle growth due to SILAR. The broadening of

the absorption features is expected when QDs go to a weaker confinement



Chapter 5. Incorporation of luminescent Yb3+ ions into CdSe QDs 121

regime and the spacing between exciton levels is reduced. An increase in

polydispersity of the sample can also account for part of the broadening

of the absorption features. The results show that through SILAR it is

possible to tune the absorption spectrum of the CdSe QDs by varying the

size, while keeping the narrow line Yb3+ emission fixed at its characteristic

wavelength (985 nm).

Figure 5.12: TEM images of colloidal CdSe QDs after Yb3+ incorpora-
tion and five layers CdSe grown using the SILAR method, the QDs have

an average diameters of 6.2 ± 0.5 nm.

Luminescence decay measurements of the 985 nm Yb3+ emission from the

CdSe:Yb QDs before (black line) and after one, two, three or five (red,

green, blue and magenta lines, respectively) layers of SILAR are shown

in figure 5.14. While the decay curves from the QDs after SILAR are all

clearly single exponential, the decay curve of the QDs before SILAR is

not. Consequently the CdSe:Yb QDs without SILAR where fit to a bi-

exponential function, the others where fit to a single exponential function.

The lifetime of the Yb3+ 2F5/2 → 2F7/2 emission increases from 132 µs to

191 µs and the short lifetime component (19 µs) disappears after the first

layer of SILAR. The absence of the short lifetime component after SILAR
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Figure 5.13: Room temperature absorption spectra of colloidal CdSe
QDs dissolved in toluene. The spectra shown are the CdSe seeds (black
line), CdSe QDs with incorporated Yb3+ ions and Se overgrowth (red
line) and CdSe:Yb QDs after one, two, three or five layers of SILAR

(green, blue, cyan and magenta lines respectively).

supports the idea that this component is related to Yb3+ ions on a strongly

quenched surface site. The increase in lifetime of the long component can

be attributed to reduced coupling of the excited Yb3+ ion to the vibrations

of the organic ligands surrounding the QD, resulting in slower non-radiative

multi-phonon relaxation. Going from one layer of SILAR to two (red line vs.

green line) further increases the radiative lifetime slightly (191 vs 208 µs),

the following layers going up to five do not appear to significantly affect

the decay curve. The overall increase in lifetime from 132 µs to 208 µs

corresponds to a significant increase in luminescence quantum yield. Since

the radiative decay time for Yb3+ in CdSe is not known, it is not possible

to quantify the quantum yield. Based on a typical radiative decay time of

500 to 1000 µs for Yb3+ f-f emission, the quantum yield can be estimated

to be between 20 and 40
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Figure 5.14: Room temperature luminescence decay measurements of
the Yb3+ emission at 985 from CdSe:Yb QDs overgrown with Se (black
line) and after one, two, three or five layers of CdSe grown with SILAR
(green, blue, cyan and magenta lines respectively) for 597, 602, 609, 618

and 627 nm excitation respectively.

5.4 Conclusions

The successful incorporation of Yb3+ ions into CdSe QDs is demonstrated

using a multi-step approach. First, CdSe QDs are synthesized, then Yb3+

ions are attached to the QD surface and overgrown with Se, giving rise

to characteristic narrow line 985 nm IR emission from Yb3+ after efficient

broad band absorption by the CdSe QDs. Observation of the excitonic QD

features in the excitation spectrum of the Yb3+ emission shows that there

is efficient energy transfer from the QD to the Yb3+ ion. Tuning of the QD

absorption spectrum independent of the Yb3+ emission is achieved by size

variation through overgrowth of additional (up to 5) CdSe layers by SILAR.

Overgrowth with additional CdSe layers allows for a 50 nm redshift of the

QD absorption and improves the quantum efficiency of the 985 nm Yb3+

emission. Based on the Yb3+ emission lifetime of ∼200 µs after SILAR, a

quantum yield of 20 to 40% is estimated. The presently reported results are



124 Chapter 5. Incorporation of luminescent Yb3+ ions into CdSe QDs

promising for the further development of lanthanide doped quantum dots,

combining strong and size tunable absorption with efficient size independent

narrow line emission from lanthanide ions. These lanthanide doped QDs

may find application in solar concentrators, as biolabels and for spectral

conversion in lighting.
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Samenvatting

Dit proefschrift is een schriftelijk verslag van vier jaar onderzoek naar (gedo-

teerde) nanomaterialen en hun interactie met licht. Deze Nederlandstal-

ige samenvatting is bedoeld om gëınteresseerden zonder achtergrond in de

spectroscopie een globaal idee te geven van waar dit onderzoek over gaat.

In deze samenvatting zullen eerst drie onderwerpen besproken worden die

van fundamenteel belang zijn voor het onderzoek dat in dit proefschrift

beschreven is: licht, de interactie tussen licht en materie, en Quantum

Dots (halfgeleider nanodeeltjes). Daarna zal kort ingegaan worden op wat

er in de verschillende hoofdstukken van dit proefschrift wordt besproken.

Licht:

We zijn allemaal bekend met licht, licht van de zon en sterren, van lampen

en beeldschermen. Om licht te begrijpen, moeten we het kunnen beschri-

jven. Twee voor de hand liggende begrippen om licht mee te beshrijven

zijn intensiteit en kleur. Maar wat betekenen die begrippen, intensiteit en

kleur, voor een spectroscopist? Licht bestaat uit energiepakketjes die foto-

nen genoemd worden, de intensiteit van een lichtbundel is een maat van de

hoeveelheid pakketjes die er in een lichtbundel zitten: hoe meer fotonen,

hoe intenser de lichtbundel. De kleur van het licht wordt bepaald door de

hoeveelheid energie die er in één foton zit. Niet alle fotonen zijn zichtbaar

voor het menselijk oog. Licht dat bestaat uit fotonen waarvan energie te

hoog is om zichtbaar te zijn voor het menselijk oog worden ultraviolette

(UV) straling genoemd. Als we de energie van deze fotonen steeds iets

133
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kleiner zouden maken dan zou de ultraviolette straling veranderen naar

zichtbaar licht, eerst violet, dan blauw, cyaan, groen, geel, oranje en uitein-

delijk rood. Maken we de energie van de fotonen dan nog iets kleiner, dan

is de straling weer niet zichtbaar voor het menselijk oog, deze straling word

infrarood (IR) genoemd. Als alle fotonen in een lichtbundel dezelfde en-

ergie hebben, dan wordt van monochromatisch (eenkleurig) licht gesproken.

Sommige lichtbronnen, zoals de zon of een traditionele gloeilamp, zenden

fotonen uit van alle zichtbare kleuren, dit spectrum van kleuren ervaren

we als wit licht. Wit licht is dus de combinatie van alle zichtbare kleuren

licht. Laserlicht daarentegen bestaat uit fotonen die allemaal dezelfde en-

ergie hebben en is dus heel erg monochromatisch. Andere lichtbronnen,

zoals bijvoorbeeld een gekleurde LED-lamp, zenden fotonen uit met een

kleine spreiding in energie. Omdat deze fotonen niet het hele zichtbare

kleurenspectrum bestrijken wordt het licht als gekleurd waargenomen.

De interactie tussen licht en materie:

Als licht op een object valt kunnen er drie dingen gebeuren. Het licht

kan door het materiaal heengaan, het object is dan transparant, denk bi-

jvoorbeeld aan glas. Het licht kan van richting veranderen, dit gebeurt

bijvoorbeeld bij reflectie in een spiegel of verstrooiing door een vel wit pa-

pier. Een derde optie is dat (een deel van) het licht geabsorbeerd word

door het materiaal. Op die mogelijkheid zal nu ingaan worden. Alle ma-

terie (gas, vloeistof of vast) is opgebouwd uit hele kleine deeltjes: atomen,

deze zijn ongeveer 0,0000000001 meter groot. Een atoom bestaat op zijn

beurt weer uit nog kleinere deeltjes: een kern (opgebouwd uit protonen

en neutronen) en daaromheen elektronen. Zoals eerder besproken bestaat

licht uit energiepakketjes (fotonen). Als licht op een object valt kunnen

die fotonen worden opgenomen, het foton verdwijnt dan en de energie van

het foton wordt opgenomen door de elektronen in het materiaal. Als alle

fotonen van alle zichtbare kleuren worden geabsorbeerd dan is een materi-

aal zwart. Als een materiaal alleen fotonen van bepaalde kleuren opneemt

en andere doorlaat of weerkaatst, dan is het materiaal gekleurd, Worden
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bijvoorbeeld de rode en oranje kleuren geabsorbeerd, dan is het materiaal

blauw/groen. Maar hoe kan het nu dat sommige fotonen wel geabsorbeerd

worden en andere niet? Een elektron in een materiaal kan niet alle mo-

gelijke hoeveelheden energie hebben, het kan zich in een beperkt aantal

specifieke toestanden bevinden die ieder een eigen energie hebben. Deze

toestanden worden ook wel energienivo’s genoemd. De energienivo’s van

een elektron kunnen vergeleken worden met een ladder: in rust staat het

elektron beneden op de grond onder de ladder, het laagste energienivo.

Daarboven zijn allemaal traptreden. Om op een hogere traptrede (oftewel

in een hoger energienivo) te komen heeft een elektron energie nodig, deze

energie kan geleverd worden door een foton. De afstanden tussen energien-

ivo’s (of traptreden) hangen af van het materiaal. Als er geen energienivo

bestaat op de juiste hoogte vanaf de grondtoestand om een rood foton te

absorberen, maar wel om een blauw, groen of geel foton te absorberen,

dan zal het materiaal rood zijn. Als een elektron in een energienivo boven

de grondtoestand zit, dan kan het op verschillende manieren zijn energie

weer kwijtraken om terug in de grondtoestand te komen. De energie kan

bijvoorbeeld worden omgezet in warmte, maar kan ook weer worden uitge-

zonden als een energiepakketje: een foton. Dit uitzenden van licht wordt

luminescentie genoemd.

Quantum Dots:

In dit proefschrift word met twee types luminescerende materialen gew-

erkt: luminescerende ionen en halfgeleider nanodeeltjes (Quantum Dots).

De luminescerende ionen hebben energienivo’s op relatief grote afstand van

elkaar. Dit leidt tot absorpties en emissies van fotonen met specifieke en-

ergie (kleuren). Halfgeleiders hebben een andere structuur van energien-

ivo’s, ze hebben een verzameling van veel nivo’s die vlakbij elkaar liggen.

Deze verzameling van energienivo’s noemen we een band. Een halfgeleider

heeft een band met alle elektronen die in de grondtoestand zijn en hogerop

een band waar die elektronen naar toe kunnen als ze een foton opnemen,

daar tussenin zit een ”band gap”: een gebied zonder energienivo’s. Voor
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de absorptie van licht betekent dit dat alle fotonen met een energie die

groter is dan die band gap geabsorbeerd kunnen worden. Als de band gap

gelijk is aan de energie van een oranje foton zullen dus alle kleuren geab-

sorbeerd worden behalve rood. Is de band gap gelijk aan de energie van

een blauw foton, dan worden alleen blauwe, violette en UV fotonen geab-

sorbeerd. Als een elektron een foton absorbeert en in de hogere energieband

terechtkomt, dan zal deze snel naar het laagste nivo van de band gaan. Het

energieverschil komt vrij in de vorm van warmte. Vanaf hier kan het elek-

tron weer teruggaan naar de grondtoestand, waarbij een foton uitgezonden

word. Dit foton zal dus altijd dezelfde energie hebben als de grootte van

de band gap (en de corresponderende kleur). Quantum Dots zijn halfgelei-

der nanokristallen van enkele nanometers in formaat. Een nanometer is één

miljoenste van een millimeter. Quantum Dots zijn dus erg klein en bevatten

iets in de orde van 100 tot 10.000 atomen. Hoe kleiner het nanokristalletje

wordt, hoe minder atomen er in zitten en dus ook hoe minder elektronen

er in zitten. Daardoor hebben die elektronen steeds minder energienivo’s.

Er verdwijnen energienivo’s aan de bovenkant van de band waar de elek-

tronen in de grondtoestand in zitten, en aan de onderkant van de band

waar ze naartoe gaan als ze een foton hebben geabsorbeerd. Als gevolg

hiervan wordt de band gap groter en verandert dus zowel de kleur van het

materiaal als de kleur van de luminescentie als de grootte van de Quantum

Dots verandert. Door verschillende nanodeeltjes te maken van exact het-

zelfde materiaal, maar alleen verschillen in deeltjesgrootte kunnen we een

hele regenboog aan kleuren maken. Zie hiervoor bijvoorbeeld figuur 1.7 in

de Introduction. In dit figuur zijn vijf oplossingen van nanodeeltjes tussen

de 1.5 en 6 nm van hetzelfde materiaal (CdSe) te zien. De verschillende

oplossingen bestaan uit deeltjes verschillende groottes, resulterend in vijf

verschillende kleuren.

De inhoud van dit proefschrift:

In hoofdstuk 1, de inleiding, wordt motivatie en achtergrond voor dit onder-

zoek besproken. Er wordt een korte inleiding op zonne-energie gegeven en
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het concept luminescente zonne-concentrator word besproken. Een lumi-

nescente zonne-concentrator is een systeem waarin zonlicht geabsorbeerd

wordt door luminescente materialen en de luminescentie van die materi-

alen naar zonnecellen geleid wordt door totale interne reflectie (zie figuur

1.3). In de zonnecel worden de fotonen die door het luminescente ma-

teriaal uitgezonden zijn vervolgens omgezet in elektriciteit. Een voordeel

van een luminescente zonne-concentrator is dat het door een kleiner op-

pervlak aan zonnecellen te gebruiken voor het omzetten van dezelfde ho-

eveelheid zonlicht kosten bespaard kunnen worden. Daarnaast is een lu-

minescente zonne-concentrator erg flexibel in ontwerpmogelijkheden. Door

de keuzevrijheid van vorm en kleur is het systeem uitermate geschikt voor

toepassing in de bebouwde omgeving. Daarnaast worden zowel de eigen-

schappen van luminescerende ionen en Quantum Dots als hun geschiktheid

als luminescerende materialen voor luminescente zonne-concentratoren be-

sproken. Tenslotte word een nieuw soort luminescerend materiaal voor

luminescente zonne-concentratoren voorgesteld: de gedoteerde Quantum

Dot. Door luminescente ionen in te bouwen in Quantum Dots kunnen we

de absorptie-eigenschappen van Quantum dots combineren met de emissie-

eigenschappen van de luminescente ionen. Gedoteerde Quantum Dots ver-

strooien door hun kleine afmetingen (enkele nm) geen licht en kunnen daar-

door in een transparante matrix worden ingebouwd. Daarnaast hebben

Quantum Dots, anders dan veel organische luminescerende materialen, een

hoge (foto)stabiliteit, wat gezien de lange levensduur van zonnecellen belan-

grijk is. Onderzoek naar gedoteerde Quantum Dots voor zonne-concentratoren

is echter nog beperkt, mede doordat de synthese ervan lastig is. Nieuwe

synthesemethoden en karakterisering door het meten van optische eigen-

schappen van gedoteerde Quantum Dots zijn het onderwerp van dit proef-

schrift en draagt bij aan de ontwikkeling van nieuwe zonneconcentratoren.

In hoofdstuk 2 worden de eigenschappen van ongedoteerde zink selenide

(ZnSe) Quantum Dots besproken. In het bijzonder wordt er ingegaan op

de levensduur van de aangeslagen toestand van deze deeltjes. Een aanges-

lagen toestand is de toestand waarin een deeltje zich bevindt als er een
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elektron naar de hogere energieband gebracht is door het absorberen van

een foton. De levensduur is de tijd die het kost voordat het deeltje weer

terugkeert naar de grondtoestand. Hier worden metingen getoond van de

levensduur van de aangeslagen toestand van deze deeltjes en worden zow-

elk de temperatuurs- afhankelijkheid als de deeltjesgrootte-afhankelijkheid

van deze levensduur besproken. Bij extreem lage temperaturen (net boven

het absolute nulpunt) is de levensduur sterk temperatuursafhankelijk. We

verklaren dit met een model waarin koppeling met vibraties (trillingen) in

het deeltje ervoor zorgen dat de levensuur korter wordt.

Hoofdstuk 3 gaat over ZnSe Quantum Dots waarin luminescente (Mn2+)

ionen zijn ingebouwd. Dat inbouwen van ionen houdt in dat sommige van

de Zn2+ ionen waaruit het deeltje is opgebouwd, zijn vervangen door een

ander ion (in dit geval Mn2+). Dat inbouwen van ionen wordt doteren ge-

noemd en de deeltjes die in dit hoofdstuk besproken worden zijn gedoteerde

Quantum Dots. Er wordt een nieuwe manier om deze gedoteerde Quantum

Dots te maken (namelijk via kation uitwisseling) beschreven en de optische

eigenschappen van deze deeltjes worden besproken. Kation uitwisseling is

een proces waarbij een deel van de positief geladen ionen (kationen) worden

uitgewisseld met andere kationen in een oplossing. Een interessante eigen-

schap van deze deeltjes, en de gedoteerde deeltjes die in hoofdstuk 4 en 5

besproken worden is dat de Quantum Dots fotonen kunnen absorberen, en

de opgenomen energie over kunnen dragen aan de ingebouwde luminescente

ionen, die dan vervolgens een andere kleur licht uitzenden. Deze omzetting

van licht kan worden toegepast in luminescente zonne-concentratoren.

In hoofdstuk 4 worden opnieuw Mn2+ gedoteerde nanodeeltjes gemaakt

via kation uitwisseling, maar dit keer gaat het om ZnTe ”magic size”

nanokristallen. Magic size nanokristallen zijn hele kleine nanodeeltjes (10

tot 100 atomen) die alleen stabiel zijn (blijven bestaan) als ze uit een speci-

fiek aantal atomen (en niet ééntje meer of ééntje minder) bestaan. We laten

hier bijvoorbeeld zien dat als je een mengsel van drie van die magic sizes

neemt, en die alle drie doteert met luminescente Mn2+ ionen dat hoewel
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de deeltjes allemaal een andere kleur licht absorberen, ze de opgenomen

energie daarna allemaal overdragen aan de luminescente ionen die het dan

allemaal als hetzelfde oranje licht weer uitzenden.

Hoofdstuk 5 gaat over het inbouwen van luminescente Yb3+ ionen in CdSe

Quantum Dots. In dit hoofdstuk wrodt een andere manier van doteren

gebruikt: ”attachment and overgrowth”. We maken eerst CdSe Quantum

Dots. Vervolgens worden Yb3+ ionen aan het oppervlak van de Quantum

Dots verbonden, deze worden dan ingesloten in het deeltje door middel van

het overgroeien met een laagje Se gevolgd door enkele laagjes CdSe. Dat

het inbouwen van Yb3+ in CdSe Quanum Dots gelukt is blijkt uit lumines-

centiemetingen. Absorptie van licht door de Quanum Dots wordt gevolgd

door emissie van infrarode straling door het Yb3+ ion. De overdracht van

energie van de Quantum Dot naar Yb3+ kan alleen plaats vinden als deze

sterk gekoppeld zijn. Voor toepassing in luminescente zonne-concentratoren

is dit een interessant systeem. De CdSe Quantum Dots absorberen sterk

over een breed spectraal gebied waar de zon veel licht uitzendt. De emissie

van Yb3+ ligt net boven de band gap van de meest toegepaste zonnecel:

kristallijn silicium. Helaas is de efficiëntie van de infrarode Yb3+ emissie

nog niet hoog genoeg voor toepassing in zonne-concentratoren
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