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Abstract

In this thesis I have produced results to characterise the effect o f 

environmental factors on colloidal quantum dots, with a specific view to describing 

behaviour observed in biomedical imaging applications. I have use 

photoluminescence and absorption measurements to characterise the physical and 

electronic state o f the dots, while developing an analytic technique to characterise 

their behaviour.

Initially 610nm cadmium selenide/ zinc sulphide colloidal quantum dots in a 

PMMA matrix showed photo-sensitive emission dynamics which a /ere described 

using a two state model for the population. We show that competing processes act t > 

increase and decrease the population’s radiative efficiency. We attribute thes; 

processes to photo-driven passivation o f non-radiative surface states and photo-driven 

oxidation of the dot surface respectively.

Results from photo-activation and absorption studies are used, in conjunction 

with manufacturer data, to demonstrate calculation o f the concentration o f a dot 

ensemble using absorption and extinction co-efficient data. Combining this data witn 

photo-activation rates it was possible to calculate the probability of photo-activating a 

colloidal quantum dot upon absorption o f a photon.

Finally 655nm quantum dots were functionalised in pH buffers in order to 

simulate a cellular environment. By observing the environmentally sensitive 

behaviour of the dots under various conditions we were able to propose a physical 

mechanism for the observed behaviour and point to implications for the use of dots in 

biomedical imaging and treatment.
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1. Introduction

The focus o f this thesis is to gain a greater understanding o f the optical 

behaviour o f colloidal quantum dots, especially in cellular environments, by 

observing optical behaviour in pH buffers. In this section I will explain the motivation 

behind the work which I have undertaken, and explain how this work provides 

original results which increase the understanding o f the processes which drive 

colloidal quantum dot behaviour.

1.1 Aims and Motivation

Colloidal quantum dots possess a number o f characteristics, such as size- 

selective emission wavelength, broad absorption spectra and relatively high photo

stability, which make them more desirable for imaging in biological systems than 

traditional dyes, as well as possessing potential in medical diagnostics and treatmert 

[1,2,3] due to the possibility of attaching targeting molecules to the dot surface.

In order for these advantages to be fully harnessed a better understanding o f 

the effect of environmental conditions [4,5] on the dot behaviour is required. In the 

field of cellular imaging the process by which dots are ingested by cells is 

endocytosis. The pathway taken by the dot after uptake into the cell involves 

increasingly acidic environments, and it is the effect o f these environments upon the 

dot which we primarily aim to gain a greater understanding of, as environmentally 

and optically induced changes in the dot emission intensity and wavelength can lead 

to erroneous observations in studies where they are utilised as markers.

In order to attain the above objective we begin by seeking to gain a picture of 

the processes driving dot behaviour in a more controlled environment, specifically in 

PMMA in the first case. We subsequently incorporate dots into a ‘simulated cell’
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whereby acidic environments which mimic those found in cells are used to gain a 

specific understanding o f expected behaviour in these conditions and the results 

compared to the work in PMMA in order to create a more complete picture o f the 

processes involved.

This work is o f significant value to the fields o f in vivo and in vitro studies, as 

we shall investigate not only the changes that one should expect in the dot’s optical 

behaviour, but also how the resulting by-products may effect tandem measurements, 

the cell itself and possible implications o f dot toxicity.

1.2 Methodology

In order to achieve the objectives o f this work I measure photoluminescence 

and absorption spectra in order to characterise the colloidal quantum dots in pH 

buffers which are used to simulate cellular environments. I have developed a system 

whereby photoluminescence and absorption can be measured simultaneously and, by 

containing the dots within a capillary, study the same population of dots consistently 

over long timescales.

1.3 Thesis Structure

In Chapter two I introduce colloidal quantum dots, beginning with a brief 

history of their emergence. I then summarise the key elements of semiconductor 

technology surrounding colloidal dots and go onto discuss elements of their specific 

optical behaviour. I introduce some o f the main methods used for colloidal quantum 

dot fabrication and conclude by discussing the areas in which they are commonly 

applied.

In Chapter three I introduce the measurement techniques used to observe the 

dots, as well as the methods used to functionalise the dots for study. I also compare



some methods used to study dots in other work and justify our choice o f method. In 

this chapter I also explain some of the theory behind the methods used and present 

typical results.

In Chapter four I show studies o f photo-dynamic behaviour in colloidal 

quantum dots in a PMMA matrix over several hours. A model of a two state system is 

used to describe the behaviour and compared to results.

In Chapter five I use optical absorption measurements on dots in PMMA to 

obtain values o f concentration and using the optical cross section I calculate the 

probability o f photo-activating a dot upon absorption of an incident photon. 

Combining this with results from Chapter four allows development o f a physical 

picture of the processes involved.

In Chapter six dots are prepared in two different pH buffers and their optical 

properties are studied in a variety o f optical conditions; under no illumination, under 

low intensity white light illumination and under high intensity excitation. I analyse 

these results and develop a hypothesis for the observed mechanisms, which is tested 

by data supplied from Leeds University in order to develop a more specific picture 

than that in Chapter five and then draw conclusions which apply to the use of 

colloidal quantum dots in the biosciences.
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Wise, M. W. Webb, Science, 300, 5624 (2003)
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App. Phys. Lett., 85, 381, (2004)

7



2. Background

This section serves as an introduction to core concepts which influence 

colloidal quantum dot behaviour, as well as an introduction to the fields o f work into 

which ours is relevant, specifically optoelectronics and biological imaging.

2.1 An Overview of Quantum Dots

Colloidal Quantum Dots (CQDs) or Nanocrystals, as they have become 

known, present a unique opportunity to study the behaviour of material evolution 

between molecular and bulk states. QDs possess several fascinating properties which 

arise due to the confinement of the electron and hole to a region which is smaller than 

the Bohr radius. QDs differ in size from a few nanometres up to tens of nanometres, 

and it is the possibility to strongly influence the optical and electrical properties of 

devices fabricated from a single material by simply varying their size which h< > 

generated so much interest in QDs over the past two decades. A number o f r e v ie w  

articles exist which summarise some o f the work which has been undertaken on sucn 

systems [1,2,3,4].

The properties o f quantum dots have led to a great deal of interest in their 

incorporation into a number of fields including optoelectronics [5,6,7] and medical 

imaging, diagnosis and treatment[8,9,10]. The appeal o f quantum dots in these areas 

arises due their size tunable properties and high potential quantum yields compared to 

traditional material systems and their ease o f bio-conjugation due to a chemically 

customisable surface.



A number o f studies have been performed on the evolution o f the dot 

properties, specifically emission and absorption, from the bulk state down to the so 

called strong confinement regime [11,12,13,14,15]. These studies allow observation 

o f the development o f the energy level structure.

Historically it was during the late 70s that studies began on the size-dependent 

properties of quasi 2-D structures, so-called quantum wells, in which the size o f the 

confining well was smaller than the Bohr radius in one dimension, resulting in two 

degrees of electronic freedom (hence two dimensional)[16,17]. Later came the 

realisation of 1-D structures, so called quantum wires, which could be grown by 

epitaxial methods such as molecular beam epitaxy (MBE) [18,19] and more recently 

by wet synthesis methods[20]. Quantum dots represent the final incarnation o f the 

concept; structures in which there exist zero degrees o f electrical freedom, hence zero 

dimensional structures.

2.2 Semiconductors and their Behaviour

A semiconductor is a material whose conductivity increases with increasing 

temperature from a point where it is an insulator at OK due to full occupation o f the 

lower energy band. This occurs due to thermal effects allowing the electron to cross 

the bandgap into the conduction band. A bandgap o f 4eV is usually arbitrarily used as 

the dividing line between semiconductor and insulating materials at room 

temperature. Semiconductor properties are dictated by their crystal structure. Solving 

Schrodinger’s equation for a periodic potential describing the regular arrangement of 

atoms in a crystal yields a forbidden energy range in which the electron may not exist.



2.2.1 Direct and Indirect Band Gap Semiconductors

Semiconductors are commonly separated into two groups, direct gap and 

indirect gap materials. Silicon is an example o f an indirect gap material while 

Cadmium Selenide is an example of a direct gap semiconductor. The primary 

difference lies in the nature of the conduction band to valence band transition in each 

material. The E-k curve is commonly used to describe the relationship between the 

wavevector associated with an electron and the energy state o f said electron. In Direct 

band gap materials the conduction (valence) band E-k curves have a minimum 

(maximum) at k=0. This means direct transitions produce a photon since the k-vector 

o f the electron hole pair is effectively zero, allowing conservation of momentum 

during the recombination event without production o f a phonon. In indirect gap 

materials the conduction band has a non k=0 minimum (the maximum of the valence 

band is necessarily at k=0 by definition) which results in the production of a phonon 

in order to satisfy conservation of momentum in the process.

Direct Gap Indirect Gap

Figure 1 Diagram illustrating production of a photon via recombination in a direct band 

gap material, and a phonon due to recombination in an indirect semiconductor material.
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The bands in semiconductors are approximated as parabolic near the band 

edge as a function o f k, and below we assume the maximum o f the valence band 

defines E=0. For the conduction band and valence band respectively this is expressed 

as:

n 2k 2 %2k 2
E = E + ^ -  and E = - ^ ~  

2m,. 2m u

Equation 1

2.2.2 Effective Mass

The concept of effective electron and hole mass in semiconductors arises due to the 

wave-packet dynamics which represent a localised particle. Equation 2 is the result c f 

applying Newton’s law to a particle o f mass me (i.e. an electron) in a parabolic energy 

band, under the influence of some electric field. It describes the mass that the particle 

appears to carry in a semi-classical model.

Equation 2

As is evident in Equation 2, the shape o f the E-k curve determines the 

effective mass, with a sharper parabola yielding a lower effective mass and vice versa.
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2.2.3 The Exciton

In semiconductor physics, and especially in confined systems, it is often 

appropriate to describe the behaviour of the exciton, an electron and its corresponding 

hole which are bound to each other via the Coulomb force. Within a crystal lattice 

they allow the description of energy transport without the transport o f charge. Fox 

[21] describes excitons as “electron-hole pairs bound together in stable orbits by the 

mutual Coulomb attraction between them”.

Excitons are usually described as Wannier-Mott excitons, or Frenkel excitons. 

While a Wannier-Mott exciton is free to move in the crystal lattice while the Frenkel 

exciton is localised on an atomic site. Figure 2 illustrates the difference between the 

two concepts, and also a point which shall become important in later discussions, 

specifically the situation where the exciton occupies a crystal which is smaller then its 

natural separation (the Bohr radius, described further in 2.3.1) o f the electron hole 

pair. When this is the case the term ‘strong confinement’ is used to describe the effect 

on the system’s electronic states, and is discussed further in 2.3.1.
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F igure 2 Illustration o f a free exciton and a tigh tly  bound exciton . In the im age o f  the 

free electron the dotted lines indicate a cross section through  a c luster w hich w ould be considered  

to be w ithin  and w ithout the strong confinem ent regim e, w ith  the larger circle ind icating the 

cluster w hich is outside o f  the strong confinem ent regim e. A dapted  from  |70].

2.2.4 The E instein P ictu re  of A bsorption an d  Em ission

Here I briefly outline an approach to describing the optical transitions in a 

material which was developed by Einstein [22].

We begin by considering that an electron occupying some energy state Ei may 

undergo a transition to a higher energy state E2 via absorption of a photon of energy 

tico given that the condition outlined in Equation 3 is satisfied.

E2 - E x= fico

Equation 3

Conversely an electron in E2 can relax back to Ej, emitting a photon of 

energy tico . This process will occur after some time in a spontaneous manner, but may
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be stimulated by an incoming photon. The resulting emitted photon will be coherent 

(equal frequency, phase and direction) with the stimulating photon. This work will not 

deal further with stimulated emission processes, except to demonstrate that they are 

absent in our experiments.

tico

tico ticotico

A

Figure 3 Depiction of absorption and emission processes in a two level system. In A a 

photon whose energy satisfies Equation 3 is absorbed and the absorbing electron is excited to 

state E2. In B the electron relaxes back to E! emitting a photon of energy ft CO , and in C a photon 

stimulates the relaxation of the electron, resulting in emission o f a photon coherent with the 

stimulating photon.

2.3 Optical and Electrical Properties of Nanocrystals

As outlined above, one of the most fascinating properties o f nanocrystals is 

their unique behaviour due to the confinement o f the electron hole pair in all three 

dimensions. Here we outline some of the key features o f nanocrystals and compare 

these to those of bulk and molecular systems.

2.3.1 Quantum Confinement

The effect of exciton confinement in three dimensions leads to the novel size 

dependent emission wavelength of colloidal quantum dots. Confinement arises due to 

the relatively narrow bandgap of the dot material compared to its surrounding matrix,
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resulting in a three dimensional well in which the carrier is confined. In practice dots 

are usually coated with a wider bandgap shell in order reduce surface defect 

recombination. Figure 4 depicts the physical and electronic structure of the dot and its 

band gap. The effective confinement o f the dot is influenced by the matrix into which 

it is placed, however for most systems the badgap o f the matrix will be much larger 

than that of the dot or its shell.
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Matrix ZnS shell CdSe Core

E '

Strong
Confinement

Weak
Confinement

a s

Figure 4 D iagram  depicting energy gap in a C d S e/Z n S  core  shell quantum  dot. The core  

has a relatively narrow  bandgap w hile the shell and m atrix  have increasingly larger bandgaps 

w hich leads to confin em ent o f  carriers w ith in  the core , en tering the strong confinem ent regim e  

w hen the w ell w idth  is below  the B ohr radius.



The effect o f quantum confinement on the band gap o f the material system 

was characterised by Brus in 1983 [1]. Brus identified the main influences on the 

energy of the lowest unoccupied state as the confinement term, which increases as the 

inverse of the square of the radius (the particle is assumed to be spherical), and the 

Coulomb interaction term, which increases as the inverse o f the radius. The model 

assumes an infinitely deep potential well. Brus’ model can be approximated by 

Equation 4

E  =  E g + ^ T -g 2 R i

1 1
  + ---
m,. m.

1.8e2 
4 7T££qR

Equation 4

In Equation 4 E  represents the energy of the lowest unoccupied state with respect to 

the valence band, Eg the ‘bulk’ band gap energy o f the material in question, R the 

radius o f the sphere in question, me and rrih the effective masses o f the electron and 

hole respectively and e  the dielectric permittivity o f the material. The second term in 

Equation 4 can be compared to the simple one dimensional particle-in-a-box solution 

of

h 27T2 1
2 m ,,H * L:2 

Equation 5

by realising that the contribution to the total bandgap shift will be the sum of the 

electron (CB) and hole (VB) contributions. The third term in Equation 4 is simply the 

Coulomb interaction between an electron and a hole at a distance R. This formula
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breaks down for large R (specifically R>ae, the Bohr Radius-see below), since the 

separation of the charges will no longer be equal to R.

Using standard data for CdSe [23, 24], the predicted change in the energy of 

the first state due to confinement and the Coulomb interaction are illustrated in Figure

5.

«  Change due to confinement 
•  Change due to Coulomb interaction3.5

2.5

aui
£  1.5

c

6

0.5

1.00 E-061.00 E-09 8 00E-09 aOOE-09

-0.5'

Particle rad ius (nm)

Figure 5 E xpected change in the effective band gap o f  C dSe due to confin em ent effects  

and C oulom b interaction.

A system is commonly thought to be in the 'strong confinement’ regime when

the physical size of the system is comparable to or smaller than the Bohr radius of the 

exciton, defined as;

a B =  s0sh2 /  nfje1 

Equation 6
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where as is the Bohr radius, so the permittivity o f free space, s  the dielectric constant 

o f the material and // the reduced effective mass o f the electron hole pair. As shown in 

Figure 5, the Bohr radius o f CdSe is around 4.9nm.

2.3.2 Density of States

While the concept of density of states in a zero dimensional structure is 

somewhat misleading it is nonetheless worth considering the evolution of the density 

of states through the various degrees of confinement in semiconductor structures. In 

bulk semiconductors the absence of confinement leads to a continuum of states, and 

by considering the E-k relationship one can obtain an expression for the density of 

states in terms o f energy in which it is proportional to the square root o f energy. 

Reduction to the case o f a quantum well, or 2-D structure yields a step function while 

in 1-D we obtain a function dictated by the Heaviside function. In the case o f zero 

dimensional structures the concept o f density o f states is misleading since in any 

given entity the states are discreet and hence the density o f states function appears as 

a delta function. A more useful application o f the concept arises when considering the 

broadening o f the delta function due to inhomogeneous and homogeneous 

distributions of size in ensembles of zero dimensional structures.

2.3.3 The Role of Surface States

As crystalline structures approach smaller sizes the effect of surface states 

begins to become a significant factor in their behaviour. This occurs due to the rapid 

increase in the fraction of atoms existing at the material interface to the number of 

atoms in the crystallite. Atoms at the surface have unpassivated, so-called ‘dangling’ 

bonds, whose interaction influences the electronic structure of the system. The effect 

of these dangling bonds is illustrated in Figure 6. The surface states form a number of
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energy states within the band gap of the dot. The vast majority of recombination via 

these states is non-radiative and if the surface states are not well passivated will 

severely diminish the radiative efficiency of the dot.

CB

VB

Surface States

Figure 6 Diagram depicting recombination routes in a colloidal quantum dot. 1) A 

photon is absorbed, exciting an electron into the conduction band and leaving a hole in the 

valence band. 2) The electron either recombines radiatively, producing a photon or 3) 

recombines non-radiatively via surface states.

In practise the shell layer of wider bandgap material goes some way to

passivating the surface of dots which possess this structure. In order to further 

stabilise the dot surface it is common practise to coat the dot surface with a polymeric 

material in order to further passivate any dangling surface bonds.

2.3.4 Single Dot Blinking

Nirmal et al. reported colloidal quantum dot blinking in 1996 [25], having 

observed discreet on and off states in the fluorescence o f single quantum dots. Despite 

extensive studies in subsequent years the precise nature of the process is still not well 

understood, although it is widely accepted that surface charging plays a part in the
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behaviour. Although not the focus o f this document the reader should be aware of the 

potential applications o f such a process if  it can be controlled, including data storage 

for quantum computation. Ultimately it is the adjustment o f ‘on’ and ‘o ff  states in 

ensembles which leads to the photodynamic behaviour discussed in detail below.

2.3.5 Reversible and Irreversible Photo-Dynamic Behaviour

In colloidal quantum dot ensembles the photoluminescence efficiency can be 

dramatically altered by application of optical [26] excitation. Despite a wealth of 

work on the area there remains ambiguity as to the precise source o f this behaviour.

Photo dynamic behaviour has been shown to be very sensitive to 

environmental factors, such as presence of water molecules [26] and oxygen [27]. 

This has lead to a consensus that, as with blinking, the driving force behind the 

process is linked to the charging of the dot surface and that the neutralisation of 

surface charge is due to environmental ions.

Typically photo-dynamic behaviour is described as reversible or irreversible. 

Reversible behaviour is usually attributed to charging processes at the dot surface 

whereas irreversible changes are supposed to be driven by permanent physical 

changes in the dot structure such as photo-oxidation.

2.3.7 Optical Absorption and Absorbance

Fundamentally the absorption o f a material is determined by the interaction of 

light and matter. In semiconductor physics as well as other areas it is convenient to 

define the absorption of a material by the absorption co-efficient, usually expressed as 

a{h v), which is defined as the relative rate o f the decrease o f light intensity, I(h v), 

along its propagation length x [28]. Equation 7 is true for dx »  X .
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a ( h v ) =  1 dI{hv)  
I (hv )  dx

Equation 7

In many studies it is convenient to define the absorbance o f a material, A, which is 

expressed as [29];

4̂ = - l o g i c 7"

Equation 8

where T  is the fractional transmittance of the material ( I{x)  / 7(0)). The above is often 

called Beers Law, after the author of the paper in reference 29. Beer also 

demonstrated that;

A = sCL

Equation 9

where e is the extinction co-efficient of the material, C is the concentration of 

absorbing material within some transparent dilution and L is the path length. When 

using this expression one must be careful with definition of e, especially in the field of 

colloidal quantum dots, since the constant may be defined as the extinction per unit 

length per mole o f material in synthesis (i.e. molar concentration o f synthesis 

solution) or it may be the extinction per unit length per mole of quantum dots (i.e 

Avogadro’s Number of quantum dots). One must also carefully consider the 

wavelength at which any measurements are made. Many studies of colloidal dots 

assume s to be measured at the band-edge, and the expected behaviour as the dot size
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changes is necessarily different both at different wavelengths and for different 

definitions of s.

When considering the oscillator strength (the ratio o f the optical cross section 

to that expected from a classical oscillator, which is closely related to the extinction 

co-efficient), we begin by considering that at high energies the absorption spectra of 

colloidal quantum dots become featureless and equivalent to the bulk material system. 

As such the extinction co-efficient o f an ensemble should be identical to that of a film 

o f bulk material, having the same amount of material, along the same path. This is not 

the case, however, at lower energies where the evolution o f discrete states leads to 

more complex behaviour of the oscillator strength.

Because colloidal dots are usually studied in some co-ordinating solvent it is

I 12necessary to consider the local field correction factor, \f(a>)\ based on the 

Bruggeman effective media theory [30,31]. The optical cross section, cra (<y) per dot 

in the high energy regime can be shown to be [32];

(® )= |  ■3 —  | / H 2 (®)3 n2 

Equation 10

where n a r e  the real parts of the refractive indices of the semiconductor and solvent 

respectively, a h(co) is the bulk absorption co-efficient at a frequency &>and \ f(coj^  is 

given by;
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/(®)= 3w’2m 2 + 2 m22

Equation 11

where mi 2 are the complex indices of refraction.

It is worth noting at this point that Leatherdale [32] observed that the effect of 

the local field correction factor, f(co ) ,  was much lower in practise than in theory. 

This was attributed to the low refractive index ligand shell acting as a screen for the 

effect.

As Equation 10 shows, we expect a cubic relationship between the cross 

section per dot and the radius in the high energy regime. Conversely, many 

experimental [33] and theoretical [2,34] works have demonstrated that the cross 

section per dot is independent of dot size at the band gap.

2.4 Quantum Dot Fabrication

Wet chemical synthesis is the most common method for the fabrication of 

nanocrystals. For clarity, it should be made clear here that we shall be discussing 

structures in which there exists a strong confinement o f the exciton, called 

nanocrystals henceforth, as opposed to self assembled quantum dots produced by the 

so called Stranski-Krastanow (SK) method, in which the presence of a wetting layer 

as well as the formation of ternary dots inhibits the effective 3-D confinement of the 

dots [35,36,37,38].

It has recently been shown that epitaxial growth of nanocrystals can be 

achieved [39], however, since this work will focus exclusively on nanocrystals 

fabricated in solution this chapter will focus on this method.
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syringe

Thermometer
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solvent

Figure 7 Diagram depicting setup for wet synthesis of colloidal quantum dots. The 

precursor metals are injected via the syringe while the temperature is adjusted and monitored in 

order to control nucleation and growth. Adapted from Ref. 41

The two critical steps in the production o f nanocrystals in solution involv ?

initial nucleation and subsequent growth [40], while improvement of the 

monodispersity o f the solution can be achieved via so-called focusing o f the size 

distribution and Ostwald ripening. Each of the steps is outlined below:

• Nucleation involves rapid addition of reagents to the reactor chamber 

containing a co-ordinating solvent (where appropriate this solvent will contain 

passivating ligands) until their concentration exceeds the nucleation threshold. 

Nucleation begins and relieves the supersaturation.

• Growth is achieved by controlling the rate at which additional material is 

added to the solution, such that it does not exceed the rate at which material is 

added to the growing clusters. The size o f the nanocrystals is largely 

determined by the time over which this process is performed [41].
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• If growth during nucleation is small compared to the subsequent growth then 

the particles become increasingly uniform over time, a process referred to as 

focusing o f the size distribution.

• Ostwald ripening [42,43] involves dissolving smaller nanoparticles, and the 

growth o f larger clusters as they absorb the dissociated material from the 

smaller particles. This results in a smaller number o f nanoparticles with a 

larger average size.

In reality the product of such synthesis depends strongly on a number of 

factors such as concentration, temperature, mixing rate and pH o f the solution.

Most QD production now occurs in organic solvents, which produces 

hydrophobic dots which are unsuitable for applications such as biotechnology in 

which functionalisation into an aqueous environment is necessary. As a result a 

process known as ligand exchange is often performed, details o f which can be found 

in many relevant works [44,45], where the coating obtained during fabrication is 

removed and replaced with molecules containing two reactive groups, one of which 

binds to the dot surface e.g. -SH, and the other hydrophilic to ensure solubility in 

aqueous environments e.g. -COOH .

2.5 Quantum Dot Applications

This section serves as a review of applications o f quantum dots in some key 

areas, focusing primarily on Opto-Electronic and BioScience applications.

2.5.1 Colloidal Quantum Dots in the Bio-Physical Sciences

CQDs have been exceptionally successful in bioscience applications due to the 

possibility of functionalising the dot surface for targeted adsorption and 

immunospecific responses in a wide spectrum of biological systems, from imaging
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tumours in mice to tracking the digestive and immune process in singular cells. The 

sensitivity of colloidal quantum dots to their environment makes them ideal 

candidates for sensing applications, where environmentally driven changes can be 

detected in order to better understand the mechanics o f biological systems. For the 

interested reader a number of excellent review papers exist [46-55]. I will here 

summarise the most important and relevant developments in the field.

The appeal of colloidal quantum dots in biological labelling lies in a number 

o f their properties;

•  The size tunability of the dots allows labelling o f one entity (such as cell or 

organ) with multiple dot sizes, providing images resolvable in the 

wavelength regime. Figure 8 demonstrates dual labelling o f a mouse 

fibroblast cell.

• Dot absorption is broad, while most classical organic dyes demonstrate a 

narrow absorption spectrum which often overlaps emission, meaning there 

is necessarily overlap between excitation and photoluminescence. The 

broad dot absorption allows excitation o f multiple dot sources well away 

from the emitting wavelength. Figure 9 demonstrates typical absorption 

and emission spectra from an organic dye and a colloidal quantum dot 

system.

• Dots exhibit relatively high photo-stability in comparison to organic dyes, 

especially when bio-conjugated. Figure 10 demonstrates the resistance of 

inorganic quantum dots to photo-bleaching, in comparison to a common 

organic dye.
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Figure 8 Dual labelling o f m ouse fibrob last cells. A d apted  from  ref. 53
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Figure 9 A bsorption (dotted) and em ission (so lid ) spectra o f  flourescien (top) and w ater  

soluble Q Ds (bottom ). R eproduced  from  ref. 53.
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Figure 10 Emission signal from water soluble QDs and Alexa 488, both conjugated with 

streptavidin. Reproduced from ref. 54.

Quantum dots do have some drawbacks in the field o f biological detection.

Both blinking behaviour and photo-dynamic processes such as photo-activation are 

undesirable in studies which require precise quantisation o f photoluminescence. The 

vast majority of semiconductor dots also pose a problem due to their toxicity.

In order for quantum dots to be useful in many applications it is often 

necessary to conjugate the dot to a biological molecule. A number o f techniques have 

been developed which allow performance of this process, and some are outlined 

below:

• Adsorption to the dot surface: It has been reported [56-58] that certain 

small biological molecules, such as oligonucleitides and serum albinums, 

will naturally adsorb weakly to the surface o f water soluble quantum dots. 

The adsorption is non-specific and is influenced by environmental factors 

such as temperature and pH.
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• Electrostatic interaction: The formation o f quantum dot bio-molecule 

conjugates via electrostatic interaction has been reported [59,60] where a 

protein was attached to a positively charged intermediate which in turn 

bound to the negatively charged quantum dot surface. The resulting dots 

demonstrated excellent quantum yield and photo stability.

•  Mercapto exchange: Various groups have successfully achieved mercapto 

exchange [61-63] of bio molecules on the surface o f quantum dots. 

Unfortunately the reliance on thiol bonding to the dot surface results in a 

weak interaction which can cause dots to precipitate from solutions.

• Cross-Linking: More stable linkage can be achieved using cross-linking 

molecules [53, 64-68]. In order for this process to be feasible it is 

necessary that certain molecular groups exist on the dot surface, and as 

such it is not possible in all circumstances.

One feature o f quantum dots which was developed as a result o f necessity is 

their ability to bind specifically to a location (i.e. a specific cellular environment). 

Early work on quantum dots used as biological markers showed non-specific binding

[67], whereas more recently a better understanding o f the surface chemistry of the 

dots has led to more successful application of specific dot binding to target sites [68].

2.5.2 Endocytosis

The implications of the studies undertaken here are greatest for those using 

colloidal quantum dots as cellular markers where dots are absorbed into the cell by 

endocytosis. As such we present here a brief summary o f the process and an 

explanation of the relevance o f this work to the field. Much of the work here can be 

seen in more detail in [69] for the interested reader.

30



Principally endocytosis involves the uptake and management of extracellular 

material within a biological cell. Figure 11 demonstrates the important elements of the 

process; a particle approaches the cellular membrane, which deforms around said 

particle until it is completely surrounded by the cell. The cell then takes the particle to 

a series of endosomes where it is processed. The later endosomes have a typical pH of 

5.5. Eventually the particle will be placed in a lysosome which has a more acidic pH 

of around 4.8.

In this document we investigate the effect of the local pH on dot structures in 

order to better understand the stability and toxicity o f the dots when used for imaging 

techniques which utilise endocytosis for the functionalisation o f dots into cellular 

systems.
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Figure 11 H ighly sim plified illustration o f  the end ocytosis process. A dot approaches the 

cell m em brane w hich  deform s around the dot, eventually  encap su la tin g  it w ithin the cell. O nce  

inside the absorbed m aterial is taken through a series o f  endosom es, the so called endocytitc  

pathw ay. The endosom es have a typical pH o f  around 5.5. E ventually  the dot reaches a lysosom e  

w hich has m ore acidic pH o f typically 4.8.
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2.5.3 Optoelectronics

The difficulty of electrically pumping colloidal quantum dots means that they 

have never been a serious candidate for device applications in laser technology, 

although a number o f desirable characteristics such as high quantum yields, tunable 

emission wavelengths mean that they still possess potential in other optoelectronic 

devices. Here we will summarise the main obstacles which need to be overcome in 

order for colloidal dots to make a significant impact in this area, as well as presenting 

some progress made in recent work.

2.5.4 Successes of Colloidal Quantum Dots in Optoelectronics

Below I have outlined some of the areas where CQDs have made significant 

advancement in recent years and some of the current studies:

2.5.5 LED Technology

Due to the demand for high efficiency, long lifetime and low cost light 

emitting devices the development o f LEDs has accelerated rapidly over the past 

decade. The drive to reduce greenhouse emissions has led to a great demand for a 

multitude of devices, especially white-light emitting diodes for domestic use. The size 

tunability o f CQD emission, as well as the possibility o f mixing dots o f various sizes, 

make them ideal candidates for such applications and have led to innovation in their 

functionalisation for such systems.

Using semi-conducting polymers and organic-inorganic hybrid devices LED 

devices have been demonstrated [70, 71]. Ultimately the real promise o f colloidal dots 

in such systems lies in the ease with which many sizes o f colloidal dots may be 

combined to produce a white light emitting device, while providing excellent 

efficiency due to their high expected quantum yield.
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In order for this field to advance a number o f questions must be addressed, 

specifically:

• The effect o f the quantum dot environment on its behaviour in order that 

selection o f organic material, polymers, or any other candidate for the dot 

matrix can be chosen systematically for best performance

• The long term behaviour of the dots in order that the potential lifetime of any 

such device in a commercial environment can be established, and ways to 

improve it can be developed.

2.6 Conclusions

In this document we shall attempt to deal with the problem o f characterising 

colloidal quantum dot ensemble behaviour under illumination in order to better 

understand the mechanics of photo-dynamic behaviour. We use a statistical treatment 

o f photo-activation behaviour as well as absorption behaviour to derive a method 

which allows calculation of an approximate photo-activation probability per dot upon 

absorption of a photon.

Furthermore we attempt to simulate cellular environments using pH buffers in 

order to gain insight into colloidal quantum dot stability and toxicity in such an 

environment as well as investigate the feasibility o f expanding the role of colloidal 

quantum dots in the detection of environmental pH in cellular imaging.
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3. Development of Experimental Techniques

3.1 Introduction

This section serves as an account of the experimental methods used to 

functionalise CQDs for study, acquire photoluminescence and absorption spectra in 

our CQD systems and to size CQDs, as performed by ourselves and other groups. The 

acquisition o f absorption and photoluminescence measurements allows 

characterisation o f many of the physical and electronic properties o f the dots 

including the energy o f the lowest conduction band state (which may be extrapolated 

to provide an estimate of the dot size) and the relative radiative recombination, in a 

variety o f environments and levels of excitation. This will aid in achieving our 

objective of better understanding the effect of environment, especially those expected 

in cellular studies, upon the stability, toxicity and electronic properties o f CdSe/ZnS 

colloidal quantum dots.

The bulk o f the measurements in chapters 4 and 5 are performed on samples o f 

610nm CdSe/ZnS core/shell colloidal quantum dots with a HD A (hydroxylamine) 

coating supplied in toluene by Nanoco and functionalised in PMMA 200nm 

photoresist solution (Polymethylmethacrylate) supplied from Fisher Scientific. The 

HDA coating provides hydrophobic dots which should dissolve in a non-polar 

solvent. The study o f these dots in this environment is significant as PMMA is widely 

used in the fabrication of micro-scale devices and has been proposed [1] as a suitable 

material for the development of optical devices and biological imaging systems which 

incorporate CQDs. This study will also yield some insight into the source and nature 

of the photo-dynamic processes which affect the dot quantum yield, and dependence 

on their environment.
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Chapter 6 focuses on measurements performed on untargeted 655nm CdSe 

colloidal quantum dots coated with PEG (Polyethylene glycol) molecules, supplied by 

Invitrogen, which are widely used for cellular microscopy studies. These dots are 

hydrophilic, allowing dissolution in polar solvents, and most importantly in water 

based compounds. These dots were functionalised in pH buffers with the purpose of 

simulating biological, especially cellular, environments in order to further increase the 

knowledge base for research in bioscience where small changes in dot properties due 

to their environment lead to confusion in results.

The majority o f absorption and PL measurements were performed on dots 

functionalised in glass capillary tubes, forming a cylindrical waveguide consisting the 

PMMA core (n~l .55-1.6) and glass capillary (n~1.5) and its boundary with the air 

around it (n=l). This method poses a number o f advantages over other approaches, 

such as studying dots in solution or on planar glass substrates:

•  Processing o f samples can be performed quickly and simply

• It removes the necessity o f lithography techniques required to create 

waveguides on glass substrates

•  Allows confidence that the same dots are being observed over long timescales, 

unlike studying dots in a large solution where mixing will introduce new dots 

and remove old dots from the observed area

• Transmission absorption and PL measurements can be performed 

simultaneously using fibre delivery

• Light can be used to measure PL, affect changes in the sample and measure 

absorption

For a schematic diagram of the capillary layout see Figure 12.
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Photoluminescence measurements were performed in order to observe the 

radiative recombination in the CQD ensembles. This allowed study o f the lowest 

transition energy o f the material, and gave an indication o f changes in dot size, as well 

as the evaluation o f physical properties of the dots from photo-dynamic changes in the 

dot’s quantum yield (photo-activation and photo-degradation).

Transmission absorption measurements were performed in order to obtain 

information on optical pumping level in the PL measurement and physical changes in 

the dot make-up. Absorption measurements also allowed determination of transition 

energies which allowed determination of changes in dot size. Transmission absorption 

measurements provided an arbitrary measure o f absorption.

Where an absolute measure of absorption was required a technique involving 

imaging o f the sample emission in-situ was utilised. The details o f this approach are 

outlined in section 3.4. These measurements are o f importance when determining the 

concentration o f dots in a sample.

3.2 Sample Preparation and Characterisation

3.2.1 610nm CdSe/ZnS dots in PMMA

610nm CdSe/ZnS core-shell dots were supplied by NanoCo in a toluene 

solution with a HDA coating to allow dispersion in non-polar solvents. NanoCo do 

not specify the dot concentration in the supplied form. PMMA was sourced from 

Fisher in the form of PMMA 200nm photoresist solution. The two solutions were 

mixed in a vial in a 2:1 volume dot solution to PMMA ratio. The solution was allowed 

to rest for 2 hours while the toluene in which the dots were supplied and the 

chlorobenzine in which the PMMA was dissolved evaporated before it was agitated 

for a minute in order to give an even distribution o f dots.
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Once the solution was ready a glass capillary o f length 10cm, outer diameter 

lmm and inner diameter 0.6mm was allowed to take-up some of the solution from the 

vial via capillary action. Once about a centimetre of the capillary was full the sample 

was allowed to dry at room temperature for 24 hours, after which the PMMA was in a 

gel-like state.

After drying was complete a 0.5mm plastic optical fibre, used to deliver the 

light for transmission absorption studies, was inserted into the end of the capillary. 

Optical epoxy was used to seal the fibre in place and to seal the opposite end of the 

capillary in order to prevent any further exposure to air. The sample was then allowed 

a further 24 hours at room temperature to allow the epoxy to dry. All samples were 

refrigerated at 0-3 °C when not in use and when they were required are removed from 

refrigeration and allowed to warm to room temperature before measurement is made. 

Figure 12 demonstrates the schematic layout of the resulting sample.

“ > Dots in b >
PMMA

~1 cm

Optical
Fibre

0.6 mm Glass ^ 
capillary

1 mm

Figure 12 Schem atic layout o f  cap illary  sam ples. Red areas indicate regions w hich  

contain C Q D s
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3.2.2 655nm CdSe Colloidal Quantum dots in pH buffers

The preparation method for these samples was very similar to that outlined in 

section 3.2.1 but varied in a few essential ways, which I will outline here.

Firstly the 655nm CdSe dots were sourced from Invitrogen and carry a PEG 

coating to allow dispersion in polar solvents. The solution had a molar concentration 

o f 2pM. Buffer solutions were acquired from Fisher Scientific with pH of 4.0 (fisher 

product number J/2821C/05) and 6.87 (fisher product number J/2845/15). The 

solutions were mixed in a 2:1 volume of buffer to dot ratio and agitated for a minute 

in order to achieve a well distributed solution. The solution was allowed to settle for 

10 minutes before uptake into the capillary in order to allow any bubbles formed 

during the agitation to escape the solution.

Unlike the PMMA samples the fibre was inserted and the capillary sealed 

immediately after the solution was incorporated, since drying o f the material was 

undesirable since it makes determination of the dot concentration more difficult since 

the 655nm dots are supplied at a known concentration, allowing simple determination 

o f the concentration o f a given mixture.

It is worth noting that the pH value o f the final solution will be slightly altered 

by the dilution with the dot solution from the supplied value. Because o f the small 

amounts prepared it is not feasible to directly measure the pH o f the resulting solution 

and throughout the manuscript we will continue to referrer to the solutions as ‘acidic’ 

and ‘neutral’. Conclusions are drawn as a general comment about the effect of these 

environments on the dot, rather than specifically at these pH levels.
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3.3 Photoluminescence Measurements

3.3.1 Photoluminescence Measurements - Experimental Technique

The detection o f photons emitted via radiative recombination processes in 

semiconductor materials can be achieved in a number o f ways. The vast majority of 

LED and Laser systems utilise electrical pumping in order to excite carriers into the 

conduction band and rely on dominant radiative recombination processes over non- 

radiative processes in order to achieve the required optical power out. Such a system 

requires good electrical contact with the device to be studied which is extremely 

difficult in the majority of colloidal quantum dot applications, and was certainly the 

case in our samples.

In the absence o f an electrical pumping option most colloidal quantum dot 

studies are performed using optical excitation. This involves delivering excitation 

light of a wavelength which will be absorbed by the material. In colloidal dots this 

requires selecting a wavelength which is shorter than the emission wavelength o f the 

dot ensemble which is to be studied. This can be seen more clearly in Figure 13, 

which demonstrates the emission and absorption spectra from various sizes o f 

QTracker dots from Invitrogen (as studied in chapter 6 o f this text).
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Figure 13 A bsorption (solid) and em ission (d otted ) sp ectra  for various sizes o f  Q tracker  

collo idal quantum  dots taken from http://w w w .invitrogen .com . W e pum p our dots at 532nm .

For a more precise description of the processes involved in radiative and non-

radiative recombination see chapter 2.
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Because of the geometry of the capillary system, to maximise the efficiency of 

the light delivery for PL a fibre optic delivery system utilising circle-line geometry 

was developed and used. This consisted of a bundle of 0.5mm plastic optical fibres 

fixed in a roughly circular arrangement at one end and flattened into a line at the 

other. This allowed good coupling of a circular laser beam and efficient delivery to 

the linear sample as seen in Figure 14.

Linear geometry
delivers light to 
active region
effectively

Circular geometry 
collects laser beam 
effectively

Figure 14 D iagram  depicting light collection  and d elivery  geom etry  in the spot-line fibre

setup

3.3.2 Photolum inescence M easurem ents - E x p erim en ta l Setup

Photoluminescence measurements were performed using the apparatus 

illustrated in Figure 15. The excitation source was a diode pumped solid state laser 

(Power Technology, Inc., Model LCS-DTL-312), 532nm, and 50mW peak power 

with CW operation. The detected light was dispersed using an Oriel Instruments 

74050 MS260i 1/4 m Imaging Spectrograph (model number 74050) and detected at an
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Andor Technology iCCD (intensified charge-coupled device) (Model number DH501- 

18F-01, 1026*1026 Pixels).

iCCD
Control
Computer

Spectrograph 

Focusing

Sample
Pump
laser

Figure 15 E xperim ental setup for P hotolum inescence m easurem ents. O ptical excitation  

is provided by the pum p laser which provides 0-50m W  o f  532nm  light. T his is collected by a spot- 

line optical fibre and delivered to the sam ple. The lens co llects the em itted  photolum inescence  

and focuses onto the Spectrograph slit. The Spectrograph sp lits the light into its spectrum  w hich  

is m easured by the iC C D  which is controlled by the com puter. D otted  lines indicate areas w hich  

are optically isolated.

The focusing optics were used to maximise collection. Spectra were taken at 

wavelength windows appropriate to the wavelength of the particular dots used, 

usually a roughly 200nm window centred on 670nm or 630nm, keeping in mind the 

need to stay away from the wavelength of the exciting light. Where appropriate 

optical filters were used to prevent any overlapping light from falling on the sample.

While the resolution of the spectrometer is usually determined as a function of 

the path length and the grating line separation, in this case it is practically limited by 

the pixel width of the iCCD to around 0.3nm.
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The powers used in our experiment (up to a few tens o f milliwatts) compare to 

the powers used in typical confocal microscopy studies, depending on application (a 

balance must be found in most studies between noise reduction which requires more 

power, and photo -  bleaching where the high power rapidly diminishes the light 

output of the studied dye).

The iCCD was controlled automatically by the computer. This device can be 

operated in a number o f modes, but here I will simply summarise the modes used in 

the experiments covered in this text.

The CCD itself was operated in vertical binning mode at all times. To explain 

this mode, imagine the CCD as a 2-dimensional array o f detectors. Binning involves 

summing each column in the array to produce a 1-dimensional array which is output 

as the result. In our case the output can be treated as a spectrum since the light 

incident on the spectrograph is split into its constituent wavelengths along the 

horizontal axis o f the camera by the time it is imaged. The binning method is 

illustrated in Figure 16.
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Vertical Binning 2-D array

i

: :
w m 1 -D Output

Figure 16 Diagram depicting the vertical binning method whereby the camera created a 

1-D data file from a 2-D array.

When producing spectra the iCCD uses an accumulation mode in which a

series of spectra are taken and summed to provide a better signal to noise ratio in the 

resulting spectra. We typically used 1000 accumulations o f 0.02 second exposures. 

This is preferable to a few long exposures since an excess build up of charge can be 

detrimental to the CCD, as well as causing saturation in the image.

The computer can automate a series o f acquisitions in kinetic series mode. 

Here data acquisition is performed as outlined above but repeated for some number of 

times and at an interval set by the user. This outputs a sequence o f spectra obtained at 

each time interval. The data can be acquired at extremely short intervals (>0.02s) or 

over much longer periods, up to a few days. The number o f acquisitions making up a 

series is limited only by the available memory to which the data can be stored.

In Figure 17 I have an included an example o f one photoluminescence 

measurement taken using the above arrangement.
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Figure 17 PL  spectrum  taken from 655nm  C dSe dots

Noise is minimised in the system by cooling the CCD in order to minimise the 

effect of thermally created charge in the detector array, and by subtracting the 

background signal, which is measured with no applied excitation, from the detected 

signal. This should provide a well zeroed signal with a low S-N ratio.

3.3.3 E x trac tin g  Photo-A ctivation C urves from  P hoto-L um inescence  

M easurem ents

In a large number of cases our interest lies in the evolution of the CQD 

emission over time under various environmental and optical conditions. In order to 

observe temporal behaviour the kinetic series acquisition mode was used in the iCCD. 

This allowed the user to apply the pump source continually and leave the equipment 

to monitor the PL over a period or time, which could be anything from minutes to 

weeks. This was significant since in some samples it was necessary to monitor 

behaviour over several days in order to observe the whole dynamic range. Once data
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has been acquired each spectrum is integrated by summing the intensity at each 

wavelength over the width of the peak.

activation 655ph687

115

110

CD

105

100\b

Time (minutes)

Figure 18 Example of Photo-Dynamic measurement demonstrating extraction of  

intensity behaviour over time from a kinetic series. Intensity is normalised to 100 at its original 

value.

As can be seen in Figure 18 most photo-dynamic measurements took a 

roughly exponential form. In order to characterise the curves produced it was decided 

to use a curve fit, and compare this to a physical model o f the behaviour. We used a 

simple formula shown in Equation 12, which represents an exponential transition 

from some initial intensity to another, to fit the curves above for photo-activation 

(increasing intensity, usually when optical pumping is applied constantly) and photo

degradation (decreasing intensity, usually when optical pumping is applied for 

measurement only).
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/ = /,+(/„-/0xi-«-*)
Equation 12

In Equation 12 Io represents the initial photoluminescence intensity, I* the 

long-term equilibrium photoluminescence intensity, p the rate constant of 

activation/degradation and t the time in minutes. The same data displayed in Figure 18 

is shown with the fitted curve in Figure 19.
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Ioo=111.2±0.8
p=(0.022±0.008)mm

c

102.5
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Figure 19 Data shown in Figure 18 fitted using Equation 12.

The curve was fitted in Easyplot using a least squares method. The program is 

fed guess values for each parameter and produces parameters and errors for the best a 

function fit to the given data.

For photo-activation measurements it was necessary to determine the optimum

power at which to perform the experiment. By doing this it was possible to achieve
\
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the maximum amplitude of activation for fitting, increasing the accuracy of the 

generated parameters. With this in mind it may seem appropriate to simply apply the 

maximum available power to the sample; however this often leads to photo

degradation of the sample in the long term, as can be seen in Figure 20. If the photo

degradation process becomes dominant before the system has reached its equilibrium 

point, loo then it makes the curve fitting difficult or impossible.
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Figure 20 P hoto-activation  m easurem ents perform ed at 250pW  and 157pW  on 655nm  

dots in pH 6.87 B uffer

Suitable powers were extracted for each measurement using a test sample, 

since no one ideal power existed for every measurement made. An identical sample 

was used, and the applied power raised until photo-degredation was observed, 

allowing us to pin a maximum allowed power to each experiment. The separate 

sample was used in order to prevent effects induced from this measurement from 

influencing further studies.
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3.4 Absorption Measurements

3.4.1 Absorption and Absorbance Measurements -  Experimental 

Technique

The measurement of the absorption as a function o f wavelength of a material 

can be achieved through a number o f methods. Here I will present a review o f some 

o f these methods, and those used in our experiments, and justify the choice o f 

experiments in our case.

One commonly used technique is the so-called shifting spot experiment [2], 

whereby a small point o f excitation light is focused onto a sample and scanned along 

the longitudinal axis o f the sample to be studied. The absorption co-efficient o f re

emitted light at the edge of the device can then be studied by examining the rate at 

which the observed light intensity at a given wavelength is depleted as the spot is 

scanned away from the sample edge. One major drawback o f this technique is the 

limited spectral window in which observations can be made. Since the method is 

dependent on the detection of emitted light from the dots it can only offer absorption 

co-efficients within the emission peak o f the dots (and, hypothetically, the spectra of 

the exciting light). This presents a difficult problem for a number of reasons. 

Colloidal quantum dots exhibit a large Stokes shift (see Figure 13 for reference), 

meaning there is little or no overlap between the absorption spectra and the emission 

spectra. Furthermore, for most applications, especially in optoelectronics and labelling 

applications, a narrow distribution o f dots, and hence a narrow emission peak, is 

desirable. This exacerbates the problem of using this method to obtain absorption co

efficients in colloidal quantum dot systems.
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Another possible approach to obtaining absortion measurements in our 

samples would be using the varable stripe length method first described by Shaklee et. 

al. [3]. In this experiment, suited ideally to measurements o f gain and absorption in 

flat slabs of material, excitation light is focused into a stripe on the surface o f the 

material and the length o f the stripe adjusted. By measuring spectra at each length one 

can determine a gain and absorption co-efficients for the material. Due to the 

difficulty o f preparing our samples in flat sample geometry, and the absence o f 

interest in optical gain, it was decided that this technique was unsuitable.

In this work the majority of the absorption spectra have been taken using a 

transmission absorption technique. The technique is well suited to the capillary 

geometry and importantly allows simultaneous measurement of absorption and 

Photoluminescence.

The transmission absorption experiment involves the measurement o f light 

from some source, which is propagated through the absorbing media. This spectrum is 

compared to a reference spectrum which is taken from an identical sample which 

contains no absorbing media. In our case this involves preparation of a sample as 

outlined in section [3.2 Sample Preparation and Characterisation] in PMMA, but 

without the colloidal dots. This method makes a number o f essential assumptions, as 

follows;

• The detected re-emitted fluorescence is negligible compared to the 

transmitted light.

• The fraction of light confined in the core o f the capillary is the same 

with and without the presence o f the absorbing media.

•  The scatter from the dots is negligible.
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When calculating the absorption from measured data we first consider the un

attenuated intensity at a given wavelength o f light entering the absorbing region, I(x) 

and the intensity o f the light at the same wavelength at some point x along the sample, 

I(x). Light propagating along the axis o f the material can be described by the equation

I(x)  = /(O)exp(-ecc)

Equation 13

where x is the distance travelled in the absorbing medium and a  is the total loss co

efficient at some wavelength, X. Re-arranging we obtain

a I n t e lX U(0)J

Equation 14

from which a  can be determined if x, 7(0) and I (x)  are well known. We make the

assumption that the light measured from the sample containing no dots is equivalent 

to 7(0). While this is not strictly the case since the light measured from the end of the 

non-absorbing, dot free, sample has suffered from the intrinsic scattering losses within 

the capillary, the light from the dot sample should have suffered essentially the same 

scattering losses as that propagating along the non-absorbing sample. This assumption 

allows us to reduce the a  term in Equation 13, which is itself made up o f each o f th^ 

loss factors involved as shown in Equation 15
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a  — a  dots + a capillary

Equation 15

where a do(s is the absorption from the dots and a capillary is the intrinsic loss from the 

capillary. Since the a capillary term is accounted for by using the measured light at the 

end of the non-absorbing sample as 1(0) we can re-write Equation 14 as

/(*) 
HO)

Equation 16

V

In order to extract the absorption co-efficient from Equation 16 it is necessary to 

know the distance propagated by the light along the x-axis (x). Although the length o f 

the occupied area o f the capillary can be measured it is difficult to ensure that path 

lengths are identical in absorbing and non-absorbing sample, so instead we opt to 

work in unit-less absorbance with a normalisation process. Since the absorbance can 

be written as

Abs = ax

Equation 17

Equation 16 can now be written as

U ( 0 ) J
Equation 18
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which can be used to calculate the absorbance using the data which we obtain. This is 

a qualitative measure o f absorption and as such allows comparison o f the shape of 

obtained absorption curves but not their magnitude.

In order for this method to be effective it is important that a good zero level is 

maintained when acquiring data and that the reference signal is well normalised (see 

section 3.4.2) to the studied signal (or vice versa). All normalisation must be done at a 

wavelength where no absorption is occurring; hence the absolute value of the 

measured light should be the same in each case.

In cases where it was important to know the absolute value of the absorption a 

technique was developed whereby absorption is measured via imaging. This involves 

transmission o f light along the capillary and simultaneous top-down imaging of the 

emission from the sample. The resulting image can be analysed computationally by 

performing a line fit to the measured light intensity as a function of distance along the 

sample. Equation 13 can be fitted to the obtained line and hence the value o f a  

determined at the measured wavelength. In order to distinguish between absorbed 

light and scattered light a separate measurement is performed with longer wavelength 

light than should not be absorbed by the system. This gives a value for the scatter co

efficient which allows separation of the real absorption co-efficient of the dots.

3.4.2 Absorption and Absorbance Measurements -  Experimental Setup

Transmission absorption measurements were performed using the apparatus in 

Figure 21, whereby light is delivered from a light source to the sample via the optical 

fibre which lies in the plane of the capillary axis.

i
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Figure 21 E xperim ental setup for absorbance m easurem ents. PL m easurem ent 

equipm ent is show n as the greyed out item s, in order to  d em on strate how PL and A bsorbance  

can be m easured sim ultaneously .

Initially a measurement was made of the transmitted spectrum from the LED

source through a sample containing no colloidal dots. We call this Io. Subsequently a 

sample containing dots was placed into the system and the transmitted light from the 

LED source once again measured. With each spectrum a measurement was made of 

the background light and subtracted from the spectrum in order to eliminate any 

unwanted background signal. The next step was to normalise the unattenuated and 

attenuated spectra so that any discrepancy in light levels resulting from small changes 

in alignment of the absorbing media in the two samples would not alter the result. As 

detailed above it is necessary to perform normalisation at a wavelength where no
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absorption is expected from the dots. As such we selected 685nm as a suitable point 

for normalisation in our 655nm dots since, as shown in Figure 13 (the solid red line 

represents the absorption spectra of our 655nm dots), the level of absorption at 685nm 

is negligible and at this wavelength the signal strength in our measurements was 

sufficiently high. We call this trace Ix. Figure 22 demonstrates a reference 

(unabsorbed) spectrum and an absorbed spectrum before and after normalisation.
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Figure 22 T ransm itted  spectra from  d ot-free sam ple (red  squares) and colloidal 

quantum  dot sam ple (b lack  circles) and the colloidal dot sam ple norm alised to the dot-free  

sam ple (solid green circles). The dashed b lack line ind icates the w avelength at which  

norm alisation is perform ed.

Absorbance spectra were obtained for the traces shown in Figure 22 by 

applying Equation 18 to Io (Red squares in Figure 22) and Ix (Solid green circles in 

Figure 22). In Figure 23 the black line demonstrates the spectrum obtained from this 

data.
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Figure 23 A b sorb ance spectrum (solid black line) obtained  from  I0 and Ix (red squares 

and green circles resp ectively). The Dashed b lack  line indicates the point at w hich  norm alisation  

was perform ed.

As mentioned above, it was sometimes desirable to know the absorption of our 

samples in absolute units. Where this was the case a separate measurement was 

performed using the setup illustrated in Figure 24. The LED provides illumination via 

the fibre while a CMOS camera (HP 2100 Webcam) images the sample. Typically 

UV light is used for illumination, and re-emitted (red) light is measured. This 

approach relies on the assumptions that the light emitted is linearly related to the 

absorbed light, that the dot distribution is homogeneous and that the scattered light is 

independent of wavelength. An example of a raw image is shown in Figure 25. The 

acquired image was exported into Photoshop where it was split into the RGB 

constituents.
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Figure 24 E xperim ental layout for absolute absorption  m easurem ents.

Figure 25 Raw  im age and result a fter processing dem onstrating  how the im age is 

separated in colour to generate the greyscale depiction o f  the red elem ent, rotated through 180 

degrees and trim m ed to provide only the relevant area

Once the image was split the green and blue elements were removed, leaving 

only the element detected by the red-sensitive element of the CMOS. The result was

trimmed to provide only the area for study and exported to mathcad where the image
■/-
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was converted to a 2-D array of detected intensities. The background was removed by 

taking a sample o f the image well away from the sample and performing the same 

process as above on this. The average intensity o f the whole background matrix was 

calculated and this value subtracted from each matrix element o f the sample image. 

Each vertical column in the image was then averaged to provide a 1-D array 

representing the averaged intensity per horizontal pixel in a similar process to that 

outlined for vertical binning in section 2. In order to covert from pixels to length the 

precise length o f the filled part of the capillary was measured by simply placing a 

measuring tape or ruler into the setup alongside the sample and taking a further 

image. This allowed calculation of the length per pixel. Finally the resulting trace was 

fitted using Equation 13, while bearing in mind that the a  value produced 

represented a sum o f the absorption from the dots and the intrinsic scatter in the 

sample. In order to remove the scattered light element the measurement was repeated 

using a 680nm laser source which should be negligibly absorbed and the resulting 

(Xscatter value subtracted from the measured (otdots+ascatter) value. An example o f this 

fitting is demonstrated in Figure 26.
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Figure 26 E xam ple o f  traces resulting from  scatter m easurem ents (b lack  triangles) and  

absorption m easurem ents (blue circles) fitted w ith exponentia ls.

3.5 Summary

In this chapter I have outlined the methods used to create and characterise 

quantum dot samples studied in chapters 4,5 and 6 of this document. The majority of 

this work focuses on Transmission absorption measurements and photo-activation 

measurements obtained from photoluminescence. I have also outlined the method 

used to obtain absolute measurements of absorption.
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4. Characterisation of Photo-Dynamics of 610nm CdSe/ZnS 

core-shell hydrophobic colloidal quantum dots in PMMA

4.1 Introduction

Colloidal quantum dots incorporated in waveguide structures according to the 

method outlined in Chapter 3.2.1 were studied in order to characterise photo

activation processes. In this chapter I present results o f photo-activation and recovery 

measurements. These results provide a method which allows estimation o f initial and 

final bright population levels in the dot ensemble. Measurements also provide an 

indication o f how long-term degradation o f CQDs affects measurements and hinders 

precise characterisation. Interpretation o f wavelength shifts in the PL spectra o f the 

dots provide a means to study this physical degradation, and a possible link between 

photo-oxidation and photo-degradation is identified.

4.2 Effect of Functionalisation in PMMA

Before the main bulk of our results were taken it was necessary to know of 

any effects brought about by the transfer o f dots from their supplied state into the 

PMMA matrix. As such two samples were prepared, one containing the dots as 

supplied in toluene from Nanoco, and one containing dots prepared in PMMA 200nm 

photoresist solution from Fisher Scientific. A single Photoluminescence measurement 

was performed on each sample under identical conditions. As seen in Figure 27 the 

functionalisation in PMMA brings about a reduction in PL intensity which is far 

larger than that expected due to the reduction in dot concentration (mixed in a 2:1 

ratio as detailed in 3.2.1) or small alignment differences.
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Figure 27 PL sp ectra o f  610nm CdSe colloidal quantum  dots as supplied  in to luene (p ink  

squares) and in P M M A  x 10 (yellow tr ia n g les). Spectra in P M M A  is m ultip lied  by 10 for clarity.

Identifying the source of the decrease in PL intensity in the colloidal quantum 

dots poses some difficulty without a thorough understanding of the chemical 

processes involved, but the blue shift in the emission wavelength provided some clues 

to its source. A blue shift of ~17nm in the emission corresponds to a reduction in dot 

size of around lnm according to chapter 2 equation 4, or roughly 1-2 monolayers of 

material from the dot surface in an idealised situation where the overall structure of 

the dot is unaffected. In these dots the ZnS shell is understood to be of a similar 

thickness to the proposed removed material, thus we can deduce that it is possible that 

the majority of this layer has been removed which will result in a significant decrease 

in PL efficiency as a result of increased non-radiative recombination routes 

introduced by surface states. Furthermore in order for any surface material to be 

removed it is likely that some or all of the surface coating HDA has been removed 

during the process since any chemical interaction with the dot material would require 

physical access to the dot, which would be hindered by the large capping molecules.

T he original spectrum  is show n by the blue diam onds.
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The likely cause of this process is the presence o f chlorobenzine in which the 

PMMA is dissolved, a volatile solvent which may attack the dot coating and surface. 

With this in mind it is important to realise that the subsequent results represent a study 

of dots under these conditions, and we bear this in mind when attempting to describe 

the dots behaviour here, and consider how it would apply to other dot systems.

4.3 Photo-Dynamic Behaviour

4.3.1 Introduction

The photo-dependent behaviour o f CdSe/ZnS colloidal quantum dots in 

PMMA was measured under several conditions. Initially the sample was periodically 

photo-activated and allowed to recover using cyclic modulated excitation.

Once a scheme was established which allowed description o f the observed 

processes a study was performed o f the magnitude o f photo-activation against 

excitation power. A method was then derived which allowed estimation o f the 

population of dark (non-radiative) and bright (radiative) dots in the ensemble before 

and after photo-activation.

4.3.2 Characterising Photo-Dynamic Behaviour

Figure 28 illustrates photo-dynamic behaviour in a CdSe/ZnS CQD ensemble 

in PMMA. The teal step function shows the modulation o f the pump intensity. In this 

case the pump intensity was never brought to zero, but rather modulated between a 

high power^SOpW cm'1) and low power (2.5pW cm‘1) level. The low power level is 

-1%  of the high power in order that some PL can still be observed allowing 

monitoring of recovery from any photo-induced changes. It is assumed that behaviour 

at very low pump intensity is negligibly different to behaviour with no applied power.
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To confirm this, the sample is left under low power illumination initially until 

equilibrium is reached. As can be seen in Figure 28, the result is a small (-10%) 

change in the PL output, which quickly reaches equilibrium. Note that in Figure 28 

low power data intensity is scaled to match the high power measurements by 

normalising the data at the points where the two meet. Application of high power 

pumping initiates a photo-activation process and removal of this brings about a 

recovery of PL intensity, as can be seen by the saw tooth shape of the trace in Figure 

28. The light blue line in Figure 28 shows the effect of prolonged exposure to high 

power excitation. The system reaches equilibrium before a degradation process 

becomes dominant and begins to deplete the PL output significantly. This is followed 

by a low pump power recovery which shows the system returning to slightly less than 

its initial PL intensity.
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Figure 28 Photo-D ynam ic behaviour in C Q D  ensem ble in P M M A . T he purple step function denotes

the m odulation o f  applied pum p intensity.
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4.3.3 D escrib ing Photo-D ynam ic B ehav iour

In order to describe and analyse the behaviour observed above it was decided 

that an approach involving a two state system in which dots are either bright (i.e. 

radiative recombination dominates) or dark (non-radiative recombination dominates) 

would be adopted. Here we recognise work on so-called ‘blinking’ in single dot 

studies and assume that behaviour in large ensembles is essentially an extension of 

this model. Hence we begin by stating that the ensemble consists of some fraction of 

‘bright’ dots (N b) in a state where radiative recombination is dominant, and some 

fraction of dark dots (No) where non-radiative recombination paths dominate. 

Equation 19 demonstrates that the total of these two fractions must be equal to 1.

N b + N d = 1 

E quation 19

Figure 29 D iagram  d ep icting  proposed tw o level system  and associated  transitions betw een

bright and dark  states.

Figure 29 depicts the proposed system, as well as the routes by which the dots 

may move from one state to the other. Ct is the rate of photo-independent brightening
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of the dots. This co-efficient is necessary since we do not assume that all o f the dots 

begin in a dark state and there must therefore be some factor balancing against the 

effect o f darkening, D, the rate at which dots darken. Cp is the rate at which dots are 

driven into a brighter state by an applied optical flux. This factor is proportional to the 

applied flux. For simplicity we define a factor C, defined in Equation 20 which 

comprises the sum o f both of the brightening processes. Note at this point that long

term degradation processes such as those observed in Figure 28 are ignored for the 

purpose of this model.

c = c,+cp
Equation 20

From this it is possible to develop a rate equation solution to the problem, 

firstly by stating that the rate at which the population o f bright dots is changing can be 

described by

= N D(t)C  -  N B(t)D
at

Equation 21

and recognising that Equation 21 can be re-arranged by substituting Equation 19 such 

that

at

Equation 22
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Integrating Equation 22 with respect to time provides an expression which should 

describe the fraction o f bright dots at some time t after applying or removing some 

optical flux, and the result is shown in Equation 23, where No is the initial fraction of 

bright dots.

[jV0 (C + D) ~  C']exp[- (C + D)t\ + C
B C + D

Equation 23

The approach demonstrated above gives us a simple characterisation o f the 

main processes in the dot system. It is important at this point to draw parallels with 

the curve fitting method outlined in section 3.3.3. By comparing equivalent factors it 

is possible to equate measured values in the fit to physical quantities in Equation 23. 

Firstly consider that the measured PL intensity (I in 3.3.3 Equation 12) is related to 

the number of bright dots by

l  = k NB(t)

Equation 24

where k is related to the total number of dots in the ensemble. We assume that ‘dark’ 

dots are entirely non-radiative and thus make no contribution to PL. Bearing this in 

mind one can re-arrange Equation 20 and Equation 23 to produce the following 

relations:
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( c '
L  =k

KC + D,

Equation 25

I „ = k N  „

Equation 26

p  = C + D 

Equation 27

We also observe that the fractional increase brought about by any activation which 

starts at the ‘dark’ equilibrium (i.e. before any optical excitation is applied or the 

system has entirely recovered) and reaches the ‘bright’ equilibrium can be described 

by

c
C + D

-  N fL  - - NiVo p  iVo

N n N n

Equation 28

Since D is assumed to be independent o f the activation which it follows this enables 

us to study the activation of a sample under various intensities and thus deduce an 

estimate of the initial population of bright dots, as well as how applied optical 

intensity effects the rate o f photo-activation.
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4.4 Measurements

Measurements were taken on a single sample, which was illuminated under 

various intensities in a quasi-random order. The intensity o f the pump light was 

modulated using neutral density filters. Recovery measurements were taken after each 

activation by applying low intensity pump light for short intervals (typically around 

20s) in order to generate PL spectra, whilst allowing much larger timescales between 

measurements which we assume will have a negligible effect on the overall 

behaviour, due to the relatively massive timescales involved.

Figure 30 demonstrates the traces which resulted from the experiment. There 

is evidently some non-ideal behaviour occurring, especially in the measurement at 

180pW. This will be discussed in further detail later, but first we will review the 

results.
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Figure 30  P hoto-activations at variou s pow ers. T he 250pW  trace w as taken first, 

follow ed by 25pW , 100pW  and  finally  180pW .
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Curves were fitted to each of the results shown in Figure 30. In each case 

values of loo, I0 and P were extracted along with corresponding uncertainties. For each 

activation the recovery rate was also measured. This gave us a value for Ct +D, since 

p=Ct+D if Cp=0.The value of Ct+D used was an average of the recovery constant 

following each activation studied. Figure 31 demonstrates the fitted photo-activation 

rate versus the applied power. The behaviour seen is investigated later in this chapter 

as well as the subsequent chapter, but the reader should be aware of the order in 

which measurements were taken. As mentioned above, results were taken in a quasi- 

random order, and Figure 31 illustrates this order.

0.0045

1st0.004

0.0035

0.003

0.0025

■g 0002

0.0015

0.001

3rd 4th0.0005 2nd

0 50 100 150 200 250 300
Pow er (Microwatts)

Figure 31 A ctivation  rate versus pow er for the traces show n  in F igure 30. T he dotted red lines 

indicate the order in w hich  the m easurem ents w ere taken.

Applying Equation 28 to Ia> and I0 yielded the amplitude of each of the traces.

Plotting the amplitude of the activations (A) against the activation rate (P) and fitting 

using Equation 28 produced the trace seen in Figure 32 which provides values for No 

and D.
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0.8

0.6

0.4

y=((((x-a)/x))-b)/b, r2=0.62354 
a=2.9315E-4, b=0.49626 
a =8.2497E-5, a =0.040980, prob=0.21693.0.2

0
0 0.001 0.002 0.003 0.004 0.005

3 (minutes'1)

Figure 32 Plot o f  activation  am plitude verses rate constant. N0 is found to be 0 .50 ±  0.04 and

D =(0.00029 ±  0 .00008)m in '1.

The line in Figure 32 represents a fit generated using Equation 28. The circled

value in Figure 32 represents data from the lSOpWcm'1 experiment which, as shall be 

shown, may be considered deviant.

Attempts to take further measurements were made, however it was observed 

that over time the susceptibility of the dots to photo-darkening increased rapidly as 

shown in Figure 33. This is likely to be the main cause of deviation from ideal 

behaviour in the 180pWcm-l experiment, which was the last measurement to be 

taken chronologically. There also appears to be an increasingly large irrecoverable 

element to the activation which will affect the calculated amplitude.
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Figure 33  T races obtained at lSO pW cm '1 and ISO pW cm '1 fo llow ing  those show n in 

Figure 32. P hoto-degradation  has rapidly becom e the dom in ant process. C om pare these traces to

those in Figure 30 for reference.

4.5 Discussion

The above measurements present a difficult problem which may be ubiquitous 

to application of colloidal quantum dots in PMMA. The physical properties of the 

dots appear to be changing with time, resulting in deviation of the ensemble behaviour 

from initial measurements. These effects result in an inherent inaccuracy in 

measurements such as those shown in Figure 32, and as such the factors generated 

should only be treated as estimates of initial values. Attempting to address this 

problem poses further problems. For accurate parameters to be generated it is 

necessary to activate the dots to their equilibrium point, and recover them to within a 

small tolerance of their initial state, assuming that activation is wholly recoverable. 

Given that the ensemble appears to deviate from ideal behaviour over some time 

period it may seem appropriate to apply higher power in order to accelerate activation

♦ 250mlcrowatt repeat 
■ 180 microwatt repeat
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and hence the rate at which data can be acquired however, as figure 9 in chapter 3 

demonstrates, application of higher power tends to accelerate photo-degradation and 

would thus exasperate the problem. Ultimately if  measurements o f this type are to 

provide accurate parameters regarding the dot state it would be necessary to fabricate 

dots with a greater degree of stability both under illumination and independently of 

illumination or to provide a less volatile environment in which to functionalise the 

dots.

In spite o f the problems outlined above it is possible to deduce a number of 

points regarding the dot population behaviour from the parameters generated as 

outlined above. The No generated is 0.50±0.04, suggesting that almost half o f the dots 

are initially in a bright state. This is evidently not the case, since as Figure 27 shows; 

the PL intensity has already been decreased by a much more significant factor by 

mixing the dots in PMMA. These two points can be reconciled by considering that No 

is in fact the proportion o f dots available for brightening which are initially in a bright 

state. It is thus possible that a large proportion o f the dots are unavailable to the 

brightening process, implying that they are permanently darkened, or destroyed, by 

the PMMA mixing process. Figure 34 illustrates the proposed state o f the dot 

population after the mixing is performed. Photo-activation can be envisaged as an 

increase in the size o f the white circle, limiting at the point where it entirely occupies 

the shaded circle (i.e. all the dots which may still be photo-activated have done so).

The Ct value, which can be calculated by realising that the measured rate 

constant of recovery (0.0006mm'1) is equal to Ct+D, represents the photo-independent 

brightening of dots. This process is very scarcely covered in literature and the precise 

mechanism is unclear, however the presence o f such a process is required in order that 

the dots not be entirely ‘dark’ when under no illumination. Study o f the process is
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necessarily indirect since in order to observe photoluminescence some optical 

excitation must be applied, inducing the photosensitive element of the process, Cp. 

The calculated value o f Ct iS (0.0003 liO.OOOC^min'1.

F igure 34 D epiction  o f  dot population after m ixing w ith  P M M A . T he B lack  area depicts  

perm anently d ark ened  d ots, the shaded area represents dots w h ich  are cu rren tly  dark  but may 

be photo-activated , w h ile  the w hite area represents curren tly  bright dots. A large num ber o f  the  

dots are p erm anently  darkened by the P M M A  m ixing process and m ake no contribution  to the

photo-dynam ic process.

Throughout the measurements made above the peak wavelength of the PL was

monitored. Figure 35 shows the evolution of the wavelength peak over time spent 

under excitation. The shift in wavelength is attributed to changes in the confinement 

potential within the nanocrystals brought about by a physical change in the size of the 

dot. The trend corroborates observations made above, that the dots have extremely 

limited stability in this environment, and measurements must be taken with these 

dynamics in mind. The plot indicates that the dots maintain their size for a short 

period, before rapidly deteriorating, and subsequently stabilising. Interestingly the end 

of the wavelength change at around 30000 minutes coincides with the start of the
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ISOpWcm'1 measurement shown in Figure 33, where significant photo-degradation is 

first observed. This may indicate a link between the two processes, specifically that 

whatever process causes the reduction in dot size also prevents photo-degradation of 

the sort seen in Figure 33.
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Figure 35  PL  peak w avelength vs. time. T he green line ind icates the applied excitation.

Based on previous work [1] we may hypothesise that the reduction in dot size

is caused by oxidation of the dot surface. Kim et al.[2] have demonstrated limiting in 

the oxidation process of small nano-wires (<150nm thickness), which reflects the 

peak position behaviour which we observe. The onset of photo-degradation upon 

saturation of the oxidation process might suggest that whatever process is driving the 

photo-oxidation process also drives photo-degradation process, but drives photo

oxidation preferentially.

Precisely understanding these processes requires careful consideration of the 

dot environment as well as processes within the dot itself. It has been demonstrated 

that PMMA is photo-stable, experiencing little or no photo-oxidation at wavelengths 

above ~255nm [3]. This is significant since it allows us to eliminate any changes

80



brought about in the PMMA matrix as a likely culprit for the dot behaviour and focus 

on processes within the dot itself.

Whilst the process by which surface traps are passivated, bringing about 

photo-activation, is disputed, it is widely accepted that they play a pivotal role in the 

process [4,5]. It has been demonstrated that there is a strong environmental role in the 

passivation of surface states, especially the availability o f oxygen [4] and water [5] at 

the dot surface. It is highly likely that interaction with local PMMA molecules is 

responsible for passivation of the surface states in our case.

The saturation of the oxidation process is attributed to the oxide shell 

thickness reaching a point such that the dot core is no longer exposed to oxidising 

molecules. This will strongly inhibit the interaction o f carriers occupying the surface 

state with the surrounding PMMA molecules, explaining the co-incidence o f 

oxidation saturation with the onset of strong photo-degradation as surface states are 

no longer passivated.

4.4 Conclusions

Photo-activation, photo-degradation and photo-oxidation processes were 

studied in 610nm CdSe/ZnS core-shell colloidal quantum dots. A model is developed 

whereby the whole ensemble is treated as a two-state system consisting o f a 

population o f dots, existing in a bright or a dark state. It is shown that a large 

proportion of the dot population is irreversibly darkened by the preparation process in 

PMMA. Estimated values are generated for the photo-independent rate of photo- 

brightening, as well as the initial distribution o f the population available for photo- 

brightening between bright and dark dots. A link is proposed between photo-oxidation 

and photo-degradation.
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5. Calculation of Optical Cross Section and Photo-Activation 

Probability in 610nm CdSe/ZnS Colloidal Quantum Dots in 

PMMA

5.1 Introduction

Having studied colloidal quantum dots’ photo-dynamic behaviour in chapter 4, 

here we calculate the optical cross section o f dots using the extinction co-efficient 

(and vice versa) and use measured absorption values to calculate the dot 

concentration. With this information as well as measured photo-activation rates from 

the previous chapter it was possible to calculate the probability o f photo-activating a 

colloidal quantum dot upon absorption of a photon under certain circumstances. This 

was considered important as in order to better understand the transient behaviour in 

the dots observed in chapter 4 it was desirable to eliminate the power dependence o f 

the fitted photo-activation rates and obtain a value with greater physical relevance. 

We go on to propose a physical model to describe the observed behaviour and 

hypothesise mechanisms behind the model.

5.2 Calculation of the Optical Cross Section

5.2.1 Rationale

It is important to clarify the comparison being made between two different 

experiments. Once the optical cross section has been calculated from the extinction 

co-efficient supplied by the manufacturer it is used to calculate the concentration of 

dots in the sample, which is possible due to measurement of the absorption co

efficient as per the imaging method outlined in chapter 3.4. These values are then
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used in calculating a photo-activation probability, where the value of the photo

activation rate is obtained from a separate experiment where light is incident normal 

to the sample. Figure 36 demonstrates the difference between the two approaches.

532nm pump laser

Light for Photo
activation 
measurement 
delivered via spot- 
line fibre

Sample

Light for Absorption 
Experiment delivered 
via fibre

Figure 36  D iagram  showing different geom etries o f  P hoto-activation  and absorption  

m easurem ents. N ote that the two experim ents are not run sim ultaneously.

5.2.2 D erivation o f O ptical Cross Section

We begin by considering Equation 29, which defines the absorption co

efficient of a material containing N absorbing dots per unit volume, each with optical 

cross section a  square centimetres. We assume that the dots do not shadow each 

other.

a  = N mlcr

Equation 29
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We next consider Equation 30 from [1] which provides the fractional 

absorbance, A, effected by a concentration o f C dots per litre, the dots having a molar 

extinction co-efficient of s [(mol l i t r e '^ c m '1], along a path o f length L cm.

A = sCL

Equation 30

We now consider the definition of A in Equation 30, which is expressed as 

shown in Equation 31, where T is the transmittance. Notice that we denote logioe by y 

for simplicity.

A = - lo g ,0 T  = - l o g 10 e.loge T = - r  loge T  

Equation 31

Re-arranging Equation 31 and substituting Equation 30 yields Equation 32. The last 

term on the right o f Equation 32 is the definition o f transmittance. O(L) indicates the 

optical flux at some point along the length L.

H I (~ e C L \
exp = exp

I r J r J
Equation 32

We now compare Equation 32 with Equation 33, which defines the absorption co

efficient, a . Doing so gives Equation 34, which expresses the absorption co-efficient 

in terms o f the extinction co-efficient, s.

85



 ̂= exp(-aX)
<*><>

Equation 33

EC 
a  = —r

Equation 34

We now substitute Equation 29 into Equation 34;

* j- sC
N vol<7  = -------r

Equation 35

and realise that

N = N  Cly  vol Avo^

Equation 36

where N Avo is Avogadro’s number. Equation 36 can be substituted in Equation 35 to

yield an expression for the optical cross section o f the dot in terms of the extinction 

co-efficient, as expressed in Equation 37

£
<7 = --------

N A,oY

Equation 37
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Figure 37 demonstrates the physical meaning of some of these factors for 

clarity. It is important to note that the extinction co-efficient is commonly supplied in 

units of [(mol litre'1) '1 cm'1] and it is therefore important to make a conversion to [(mol 

cm'3) '1 cm'1] if the cross section is to be obtained in [cm2], which is achieved by re

writing Equation 37 as per Equation 38.

£ x l 0 3
(7  = ---------

N Avor

Equation 38

O0 O(L)

r

L

F igure 37 D em onstration o f the physical sign ificance o f  con stan t involved in derivation

o f E quation 38.

The above allows calculation of the optical cross section using supplied data 

(the extinction co-efficient) for a system of dots.

5.2.3 C alculation  of the dot concen tra tion

Once cr is known the dot concentration is calculated using Equation 39 where 

a  is the measured absorption co-efficient (according to section 3.4.2), and Nvoi is the
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number of dots per cubic centimetre. Converting Nvoi to the number o f dots per litre, 

and dividing by Avogadro’s number yields the concentration in moles per litre.

a  =  N ml<j

Equation 39

5.2.4 Calculation of the photo-activation probability

In order to establish the probability o f photo-activating a dot upon absorption 

o f a photon we begin by establishing the incident photon flux which is defined by 

Equation 40, where § is the number of incident photons per unit area per unit time, O 

is the incident Energy per unit area per unit time, and Ep is the energy per photon in 

joules.

Equation 40

At this point we recall that we are using the second geometry outlined in 

section 3.2.1 in order to obtain the photo-activation rate, whereby light falls normally 

on the capillary. Since the distance travelled in the absorbing media is now small we 

use the approximation that the dots do not shadow each other.



*

I d

i-A<J)

Figure 38  D iagram  depicting light incident on sam p le  and the depth o f  the m aterial, as 

w ell as top-dow n view depicting the w idth and length  o f  the sam ple used.

We now consider that the number of dots per unit area presented to the

incoming light is calculated as per Equation 41.

Substituting Equation 41 in Equation 29 yields Equation 42,

Equation 42

hence the number of absorbed incident photons in the sample per unit time is given by 

Equation 43 where W x L represents the area of the sample presented to the incoming 

light.

Area

Equation 41
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A <j> = N vold<j<f>WL 

Equation 43

A straightforward calculation yields Equation 44 which yields the number o f dots 

available to interact with the incident light.

N  = N W ID1 v Interacting ly  volrr

Equation 44

At this point we have assumed for simplicity that the sample is rectangular, and as we 

see below, the area terms cancel so this assumption has no effect on the result. 

Dividing Equation 43 by Equation 44 yields the average number of absorbed photons 

per dot per unit time, as shown in Equation 45.

N m,WLD

Equation 45

Finally the probability of photo-activating a dot is given by Equation 46, 

where P is the probability of photo-activating a dot upon absorption o f a photon, and 

Cp is the rate o f photo-driven activation. We note that this result is expected, however 

it serves to demonstrate that the terms we are using are valid in this context.

ri at/) 

Equation 46
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Below we present results o f application o f these equations to our results.

5.3 Results

5.3.1 Optical Cross Section

Data supplied with 610nm colloidal quantum dots states their extinction co

efficient to be 4.7 x 105 m of1 litre cm '1, yielding a value o f ct o f 1.6 x 10'15cm2. We 

assume that functionalisation into PMMA does not effect the extinction co-efficient. 

This value is significantly lower than the physical area o f the dot which is roughly 2.5 

x 10*13 cm2, it is however in agreement with the work by Leatherdale et al. [2] which 

calculated cross sections o f CdSe colloidal dots on the scale o f 10'15cm.

5.3.2 Dot Concentration

The calculated dot concentration, using absorption measured at 400nm via the 

method outlined in 3.2.1, is 0.9 x 1015 dots/cm3 which is equivalent to a 1.6pM 

solution, which is a reasonable for a solution which is diluted only a little from its 

supplied form (typically a few micro molar). The absorption measured at 400nm was 

(0.60±0.05)cm'1 after correction for scatter, and this was adjusted to (O^OiO.OSjcm'1 

after consulting standard absorption data for the expected ratio o f absorption at 400nm 

and near the band edge, where the extinction co-efficient is measured.

5.3.3 Photo-Activation Probability

Here we show calculated photoactivation probability, P, per dot per photon for 

each o f the measurements made in chapter 4 using Equation 46. As the probability is 

calculated per photon we would expect the probability to be roughly the same for each 

case assuming there is negligible chance o f two-photo absorption. In Table 1 we see
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that this is not the case. The examples shown in Table 1 are in chronological order 

(i.e. the order in which they were taken), with the powers which the measurement 

were taken included for reference only since probabilities stated are calculated per 

photon. We see a clear drop off in the probability o f a photon activating a dot after the 

second exposure and further after the third.

Table 1

Order of
acquisition/Excitation 
power for period

Photo-activation 
Probability per photon per 
dot (min'1)

Error in Photo-activation 
Probability (min*1)

1st (250pW) 5.51 E-05 6.8E-06

2nd (25|xW) 6.22E-05 2.78E-05

3rd (lOOnW) 3.11 E-05 1.15E-05

4th (190(xW) 7.83E-06 2.48E-06

In order to be certain that two photon effects are not playing a part a 

transmission absorption measurement was performed with and without applied PL 

excitation. It is expected that if the dots are receiving enough light to drive such 

processes then we would expect to see saturation o f the absorption spectra as the 

conduction band energy levels became unavailable to further electrons as the pump 

fills these states. In this experiment it was necessary to measure the PL before 

performing the experiment in order that the PL signal could be subtracted from the 

measured transmission signal in order to eliminate its effects from the resulting 

absorption spectra. The investigation showed no determinable change in the 

absorption spectra due to the pump light at every power used to obtain the results
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demonstrated in Table 1. An example of measured absorption spectra with and 

without maximum power excitation is shown in Figure 39.

-0.4

♦ Without Pump 
■ With Pump-0.35
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-0.05

5 )0 600 620 640

F igure 39  M easured absorption spectra w ith  and w ith ou t 250pW  excitation.

Importantly this measurement agrees with calculations made during the 

calculation of the activation probability where the number of absorbed incident 

photons per dot per second was found to be extremely low, the highest rate being 1 

photon per second per dot for the case of 250pW cm'1 excitation. Given that relaxation 

times are obviously vastly smaller than this we would be very surprised to see any 

non-linear processes occurring in our sample.

The results in Table 1 are shown in chronological order, so as to demonstrate 

that the photo-activation probability is dropping off over time. In order to demonstrate 

this we plot the photo-activation probability against time and overlay this onto 

Chapter 4 Figure 8 where the change in the peak wavelength position was shown as a 

function of time, which is displayed here in Figure 40. We observe a clear correlation 

between the onset of significant photo-oxidation, to which we attribute the shift in the 

peak wavelength of the photoluminescence, and the decrease in the probability of
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photo-activating a dot upon absorption of a photon. Probabilities are not calculated for 

later times since reliable values of the photo-activation rate cannot be obtained due to 

the onset of significant photo-degradation preventing accurate fitting.
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Figure 40 Photo-A ctivation probability per absorbed  photon  per dot over tim e under 

illum ination (red points) overlaid against the peak w avelen gth  va lu e  (b lue points), show ing the 

correlation betw een the decrease in the p hoto-activation  p robab ility  and the acceleration  o f  

photo-oxidation o f  the dot surface. The green line ind icates the m odulation  o f  the applied pow er. 

In the absence o f  an axis for this data refer to ch ap ter  4 figure 9 for values.

5.4 Analysis and Proposed Physical Model

Here we present the physical model to which the above behaviour is

attributed, as described in chapters 4 and 5.

We begin by listing the behaviour which we have observed which requires 

explanation;

• The PL Intensity of the dots decreases massively upon functionalisation in 

PMMA

592.8 

591 6 
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585.6 

584 4

583 3
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• Under modulated excitation at various powers photo-activation behaviour 

deviates from expected behaviour after some period o f time

• After further excitation photo-degradation becomes the dominant process

• A blue shift in the emission wavelength o f the dots is observed under 

excitation, indicating a decrease in the dot size possibly due to oxidation o f the 

dot surface
■>

• The probability of photo-activating a dot upon absorption o f a photon 

decreases in a manner which mirrors the shift in the wavelength o f the PL 

peak.

•  The peak wavelength shift appears to saturate eventually, coinciding with the 

onset o f significant photo-degradation.

As discussed briefly in chapter 4, the massive decrease in the emission 

intensity o f the dots upon functionalisation is attributed to partial or complete removal 

of material from the dot surface. It is likely that most if  not all o f the passivating 

ligands have been removed, as well as some o f the ZnS shell.

Firstly we consider that the most likely explanation for the shift in the PL peak 

wavelength under excitation is photo-driven oxidation o f the dot surface (as alluded to 

earlier) or removal o f material from the dot. Given the other behaviour which is 

observed, especially the saturation of the process, it is felt that this behaviour is very 

likely to be an oxidation process rather than removal o f material. We propose a 

picture in which an increasingly thick shell o f oxide material builds up around the dot, 

until such time as the approximately spherical particle is wholly surrounded by the 

oxide layer, preventing any further oxidation o f the surface. Having formed this 

picture we may consider what effect we expect it to have on the other dot properties
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and what conclusions regarding the photo dynamic mechanisms within the dot may be 

drawn.

We now consider the gradual decrease in the photo-activation probability per 

absorbed photon, correlating well with the observed wavelength shift. In order to 

properly characterise this we must first have some sense o f the driving force behind 

the photo-activation process. As discussed earlier the precise mechanism behind 

colloidal quantum dot photo-dynamics is still uncertain, however it is widely accepted 

that surface defect states and their passivation are integral to the process. The photo

sensitive mechanism which passivates the states is, however, less well understood. 

Bearing in mind the system proposed for the oxidation mechanism above, it is the 

author’s opinion that these results are consistent with a mechanism arising due to 

photo-assisted binding of local molecules to the dot surface, passivating the surface 

defect. This mechanism would explain the decrease in photo-activation probability as 

the oxidation becomes more extensive, preventing access to the surface sites by the 

molecules responsible for the passivation.

The eventual saturation of the oxidation and coincident onset of photo- 

degradation also fit well with this picture, since once the oxide shell has surrounded 

the dot and no passivating molecules may access the dot surface, allowing a run away 

build up of surface states or charge on the dot surface, possibly driven by photo

ionisation of the dot surface. This is discussed in further detail below.

Below we present the proposed model for the observed behaviour as a whole. 

We assume that initially the dot coating has been removed and that the ZnS shell no 

longer plays a significant role in the mechanics. The mechanism is shown in Figure 

41.
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a) Photo-activation 
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Figure 41 D epiction  o f the proposed m echanism  for the ob served  behaviour, as w ell as 

data supporting the hypothesis; a) Initially som e num ber o f  the dots are bright, and the others 

have their fluorescence quenched by unoccupied surface states b) U pon application  o f  excitation  

a photo-driven process allow s passivation o f the dot surface state by environm ental m olecules c) 

A fter prolonged exposure the dot surface begins to photo-ox id ise, p reventing access to som e 

surface states by passivating molecules and slow ing  the photo-activation  process d) Eventually  

the dot surface is entirely covered by the oxide layer, preventing  passivation  o f  any form ed  

surface states and photo-degradation as the su rface charges unabated.

Whilst the exact chemical nature of the surface passivation is unclear, we here

propose a mechanism which may go some way to explain the observed behaviour in a



more precise way. We consider first the nature o f the photo-generated exciton within 

the dot. Under strong confinement the electron and hole are confined to the dot by the 

potential barrier at the dot/matrix interface, meaning that their orbiting radius is 

decreased by the amount that the dot is smaller than their Bohr radius (~4.8nm in 

CdSe). We now consider a nearby molecule possessing some charge. The mutual 

interaction between the molecule and the exciton will result in attraction between the 

exciton and the molecule as the like charges repel each other and the opposites attract, 

resulting in alignment o f the charges. The result will be that the molecule is attracted 

to the dot surface, which may facilitate its adsorption and passivation o f a vacant 

surface site. There are a number of possible candidates for the passivating molecules, 

including the PMMA chain itself, selenium dioxide removed from the dot surface as 

well as oxygen and water present in the sample.

The precise mechanism behind the strong photo-degradation seen at later 

times is o f interest because, as we have demonstrated, we expect effectively zero 

multi-photon effects in our dots. This means that we may reasonably assume that the 

Auger-like ionisation o f surface states which has been proposed in literature [3] is not 

responsible in this case. In our case we consider that the oxide layer which has been 

generated around the dot will consist o f cadmium oxide, a semiconductor with a band 

gap o f 2.16eV [4]. This is only very slightly larger than the band gap o f CdSe 

(1.74eV) and, significantly, lower in energy than our excitation source photons 

(532nm ~ 2.33eV). This may mean that electrons excited in the core may pass into the 

oxide layer, resulting in the rapid depletion o f the dot PL.

5.5 Conclusions

We have calculated the optical cross section o f our 610nm CdSe/ZnS colloidal 

quantum dots and used this to calculate the probability o f photo-activation o f a single
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dot by absorption o f a single photon. We subsequently observe a correlation between 

the decrease in this probability and the photo-oxidation process in the measurements 

seen in chapter 4. Using this information we have constructed a robust physical model 

where oxidation o f the dot surface prevents access by passivating molecules, which 

described the observed behaviour and have gone on to propose possible quantum 

mechanical mechanisms which may be driving this behaviour. We go on in the next 

chapter to conduct similar tests in a pH buffer solution environment and observe how 

this model applies in the cell-like acidic environment as well as attempting to expand 

on the hypothesis and conclusion drawn here.
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6. Optical Study of 655nm Untargeted CdSe/ZnS Colloidal 

Quantum Dots in pH Buffer Solutions

6.1 Introduction

This chapter presents results and analysis o f photoluminescence and optical 

absorption measurements performed on untargeted 655nm CdSe/ZnS colloidal 

quantum dots in pH buffer solutions. The aim o f the study is to characterise the effect 

o f local environment pH on dot behaviour for better understanding o f optical 

properties of colloidal dots in biological systems, where dots are often used to image 

and study samples on a cellular and organism scale. We shall first present the results 

and continue to analyse and discuss the results at length.

The study will focus on two samples at different pH with the following stages 

of measurements taken on each.

I. Initial measurement of PL and absorption in each environment 

II. Measurement o f absorption over 24Hrs at room temperature in darkness and PL 

before and after

III. Measurement o f Absorption under 24Hr low level white light illumination and 

PL before and after

IV. Measurement o f PL under 24Hr high intensity optical excitation with absorption 

measured before and after, followed by 24Hr recovery with absorption and PL 

measurements made at the beginning and end o f this period. This was repeated 

three times for each sample

V. Measurement o f PL under 96Hr high intensity optical excitation, with 

absorption measured before and after.

100



6.2 Effect of Functionalisation into pH Buffers (Stage I)

Samples prepared as described in chapter 3.2.2 in pH 4.0 and 6.87 (henceforth 

called acidic and neutral) were prepared and studied using photoluminescence and 

absorption techniques. Before detailed study was undertaken the properties of the 

photoluminescence and absorption spectra in each buffer were studied in order to 

identify changes which had occurred due to the ionic activity in the dot environment. 

Detailed information on the buffer make up can be found in information sheets using 

the product codes provided in chapter 3. Figure 42 shows the photoluminescence and 

absorption spectra in each buffer after 24 hours in ambient conditions, during which 

time the epoxy which seals the sample was allowed to set, and shows evidence of 

stronger absorption and photoluminescence levels in the neutral buffer. The fractional 

magnitude o f the integrated PL in the acidic buffer with respect to the neutral sample 

is calculated to be 0.20, while the ratio o f the integrated absorption spectra in the 

excited region (taken as 520:540nm from inspection o f the laser line) gives a value of 

0.61. It must be implied from this that the change in PL cannot be attributed to 

decreased pumping due to absorption alone, and that the dot ensemble is less efficient 

due to some non-radiative pathways introduced by incorporation into the acidic 

buffer.
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Figure 42 A bsorption and photolum inescence levels in n eutra l and acid ic buffers

Interestingly a multi-Gaussian analysis of the absorption curve in Figure 42 

shows a small but significant (~5meV) blue shift o f the first transition energy in the 

neutral sample compared to the acidic sample. The wavelengths of the PL peaks have 

not shifted significantly with respect to each other.

In order to further investigate this behaviour we studied the transient 

behaviour of PL and absorption in each sample under a number of conditions as set 

out at the beginning of the chapter.

6.3 Transient Absorption Measurements

In this section we present transient measurements of absorption and PL 

behaviour in different pH buffers under various illumination levels. For each sample 

we monitor both characteristics under ‘dark’ laboratory conditions, under low-level 

white light illumination, under low intensity excitation and under high intensity 

illumination.
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6.3.1 Sam ple B ehaviour U nder ‘D a rk ’ L ab o ra to ry  C onditions (Stage II)

Initially the behaviour of each sample was observed in a darkened 

environment at room temperature over 24 hours. We aim to establish the presence of 

any photo-independent behaviour due to the environmental pH. Figure 43 shows the 

PL and absorption levels in each sample before and after this period. We see a 

decrease in PL intensity in both samples but a more pronounced behaviour in the 

neutral sample, with the absorption demonstrating greater stability in the acidic 

sample than in the neutral sample, 
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Figure 43 A bsorption  and PL m easurem ents in a) N eu tra l b u ffer solu tion  and b) A cid ic buffer  

solution before and after 24 hours in the d ark  at room  tem perature.

6.3.2 Sam ple B ehaviour under Low In ten s ity  w h ite  L igh t Illum ination  

(Stage III)

Subsequent to the above study each sample was exposed to the absorption 

probe light for 24 hours in order to investigate any behaviour which may be induced 

by the probe. PL measurements were taken before and after and absorption was 

monitored throughout the process.
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Figure 44 A bsorption  and PL m easurem ents in a) N eutra l buffer solution  and b) A cidic buffer  

solution  before and after 24 hours un der low  in tensity  w hite light illum ination.
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As Figure 44 demonstrates there is little or no change in the absorption in the 

acidic sample and a small change in absorption at high energy in the neutral sample. 

PL levels show a small increase in both samples, which is likely due to a weak photo- 

brightening process.

6.3.3 High Intensity Excitation (Stage IV)

Here we present results from cyclic high intensity excitation. Samples are 

exposed to ~30mW excitation from the laser excitation source for 24 hours during 

which time PL is monitored and allowed to recover for 24 hours during which time 

they are exposed to no probe light. This process is repeated three times before the 

sample is exposed to the excitation for 96 hours in order to attempt to observe 

degradation behaviour.

We present results firstly for the neutral sample under high power excitation. 

Figure 45 shows the PL behaviour over time in the neutral buffer under cyclic 

application o f high power 532nm optical excitation. Absorption is measured before 

and after each 24 hour exposure and in Figure 46 we present the absorption before 

any exposure and absorption after subsequent exposures and recoveries.
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Figure 45 Integrated PL over tim e in pH 6.87 buffer over three exp osures
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Figure 46 A bsorption spectra before and after each  exposu re in pH 6.87 buffer

We now consider results from the acidic sample. Figure 47 shows the

spectrally integrated photoluminescence over time in the acidic buffer when the high 

intensity 532nm light is applied.
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Figure 47 Integrated  PL over tim e in acid ic bu ffer u n d er high in tensity  excitation

Absorption is measured before and after each 24 hour exposure and in Figure 

48 we present the absorption before any exposure and absorption after subsequent 

exposures and recoveries. We observe that the more intense illumination initiates 

some process which depletes the absorbing capability of the ensemble which 

continues to a lesser extent once the excitation is removed. The process seems to 

occur quite rapidly initially, slowing significantly after the second cycle.
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W avelength (nm)

F igure 48 A bsorption spectra before and after each  exp osu re. T he b lack  points ind icates the  

absorption  before any exposures. Subsequently points in d icate  ab sorp tion  after an exposure  

w hile solid lines indicate ab sorption  a fter  24h rs recovery.

6.4 Analysis of Results

Here we present systematic analysis of the results displayed above. Initially 

we use a five Gaussian fitting and a single Gaussian fitting to characterise the 

absorption and PL respectively. We shall present analysis for the acidic and neutral 

samples separately in order to draw comparison between the environmental effects on 

the dot later.

6.4.1 A bsorption Analysis

Fitting the absorption spectra obtained above with a five Gaussian system was 

performed in order to identify the energy of the ground state transition for 

characterisation of dot size as well as the magnitude of the ground state absorption. 

Five Gaussians were used arbitrarily based on an unsatisfactory fit (due to inability to
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accurately determine the wavelength of the lowest energy state) with 4 Gaussians and 

a 6th Gaussian being unnecessary. We assume for convenience that the distribution of 

energy states in the ensemble will be roughly Gaussian. While the reliability of these 

values provided at shorter wavelengths is questionable due to the relatively featureless 

nature of the curve, we propose that values obtained near the absorption edge provide 

a reliable basis for comparison of wavelength of the lowest energy transition between 

spectra. Figure 49 provides an example of the fitting performed on an absorption 

spectrum obtained from the neutral sample. Most analysis will be applied to the 

longest wavelength (lowest energy) state. Fitting is automated using mathcad. The 

width o f each Gaussian is fixed in each pH in order to ensure comparability of the 

obtained parameters.

-2.5

-1.5

-0.5

650

Wavelength (nm)

F igu re 49 A bsorption data from the neutral sam ple (B lu e points) fitted w ith five G aussians (solid  

brow n, purple, blue, green, and p ink lines) g iv in g  the solid  red line as their sum .



Gaussian Parameters 
1 2 3 4 5

Mag 6.08E-01 2.587 1.082 0.953 0.755
WL 491.156  517.479 585.248 614.725 642.156
Width 11.626 36.015 21.589 12.445 10.662

T able 2 P aram eters for fit show n in Figure 49.

Wavelength (nm)

F igure 50 A b sorption  data from the acidic sam ple (B lu e points) fitted  w ith  five G aussians (solid  

brow n, purple, blue, green, and pink lines) g iv in g  the so lid  red line as their sum .

Gaussian Parameters 
1 2 3 4 5

Mag 1.41E+00 0.814 0.683 0 .752 0.452
WL 493.345 550.487 587.213 617 .795  643.635
Width 37.539 27.031 19.345 15.098 9.397

T a b le  3 Param eters for fitting shown in F igure 50.
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6.4.2 Photolum inescence analysis

In order to identify the peak wavelength of the ensemble PL we fit a Gaussian 

to the spectral centre of the PL peak. While the peak itself is not described well by a 

Gaussian, this method simply allows determination of the desired quantity (i.e the 

peak wavelength) Figure 51 shows an example o f fitting performed in this way.
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6 10

5 10

4 10
580 6S0 700600 620 640 660

Wavelength (nm)

Figure 51 G aussian fitting to the tip  o f  the PL  peak  in the acid ic sam ple, a llow ing  

determ ination  o f  the peak  w avelen gth

Determination of integrated PL intensity is achieved by summing values in the 

data, rather than from any fitting process.

6.4.3 N eutral Sam ple Analysis R esu lts

We firstly characterise PL and absorption spectra before any perturbations are 

applied to the sample. Fitting as outlined in 6.4.1 yields energies of the four lowest
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energy peaks to be 2.396, 2.118, 2.017 and 1.93eV. The PL peak is found to be at 

653.9nm, or 1.896eV.

The integrated absorption and PL magnitudes are seen to drop under ‘dark’ 

conditions as seen in Figure 43 a). Under low level illumination there is a small drop 

in the absorption magnitude at long wavelength, as shown in Figure 44 a.

Under 24 hour intense laser illumination the neutral sample demonstrates no 

systematic change in magnitude or wavelength o f the lowest energy transition over 3 

cycles, but a small shift of about 0.5nm (ImeV) in the peak emission wavelength can 

be detected over 96hr illumination.
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Figure §2 cyclic application  o f high pow er illu m in ation  e ffectin g  no sign ificant change in the 

m easured energy o f  the grou n d  sta te  transition .

6.4.4 Acidic Sam ple Analysis R esults

We begin by characterising the absorption and PL before any intentional 

perturbations have been imposed on the sample in order to determine a start point 

against which subsequent measurements may be compared. It also allows
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determination of any effects brought about by the buffer itself. Fitting as outlined in

6.4.1 to the absorption spectrum yields the energies of the four lowest energy peaks to 

be 1.926, 2.007, 2.111 and 2.252 eV. The peak of the PL was found to be at 653.3nm, 

or 1.897 eV.

As can be seen in Figure 43 and Figure 44 there is very little change in the 

absorption characteristics in the dark or under low level white light illumination. The 

PL peak remains at the same wavelength within the spectrometer resolution in the 

dark and under low level white light illumination.

Under intense laser illumination we consistently observe a recoverable photo

activation of ~ 20% over a 24hr period, as demonstrated in Figure 53. We also 

observe a simultaneous, semi-recoverable blue shift in both the PL emission peak and 

the energy of the lowest energy transition, as shown in Figure 54.
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Figure 53 P hoto-L um inescence levels in ac id ic  b u ffer  under cyclic  24hr exposure to high intensity

532n m  light.
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Figure 54 PL peak and W avelength o f  the low est en ergy  tran sition  in acid ic solu tion  under  

consecutive 24 hour exposures to high in ten sity  532nm  excitation .

The semi-recoverable nature of the effective band edge (lowest energy

transition) is demonstrated quite clearly in Figure 55.
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F ig u re  55 Lowest transition  energy (points) over  th ree  tw en ty  four h ou r exp osures and recoveries  

in the acidic buffer. T he green line ind icates in ten sity  m od u la tion  over  the cou rse o f  the study.

The magnitude of the dot absorption taken from the Gaussian fit to the first 

state, and the integrated area under a higher energy region (530-535nm) is 

demonstrated in Figure 56. This allows comparison o f the behaviour in the ground 

state which is strongly confined, and the higher energy states which are expected to 

behave in a more ‘bulk like’ manner.
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Figure §6 M agnitude o f  the absorption at the excitation  w avelen gth  (oran ge triangles) and  

m agnitude o f  the fitted G aussian at the low est excited  tran sition  (b lue sq u ares) over cyclic  

application o f  high intensity 532nm  excitation  in the acid ic  buffer. T he in tegrated  absorption  

from  the shorter w avelength  absorption is n orm alised  to the low est excited  state  m agnitude

values for clarity .

As we see there is a continual decrease in the strength of the absorption in the 

‘bulk’ like states (i.e. in the excited region) while the decrease in the magnitude of the 

absorption in the lowest energy transition, or effective band gap, decreases upon 

exposure to the exciting light but the decrease decelerates after the first exposure, and 

seems to recover a little after the second and third.

Under 96hr illumination the blue shift o f the lowest energy transition can be 

seen more clearly, and with subsequent measurements under no illumination the 

partial recovery can be tracked, as shown in Figure 57.
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Figure 57: Energy change in the first transition  and su b seq u en t recovery  a fter 96hours o f  intense

532nm  illu m in ation .

In order to emphasise the magnitude o f the changes in the energy of the lowest 

transition Figure 58 shows the energy of the lowest transition in the acidic and neutral 

buffers over the application of the three high power exposures. We see almost no 

change in the neutral sample but a large, semi-reversible changes in the energy of the 

acidic sample.
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Figure 58 Plot o f  energy o f the low est transition  in n eu tra l and acid ic  buffer over m odulated  

application o f  high pow er excitation. D ata in the acid ic  bu ffer  is sh ow n  in blue w hile data in the

neutral b uffer is sh ow n  in red.

6.5 Discussion

We begin by considering the effect o f buffer functionalisation alone on the 

dots. We have already demonstrated that the observed difference in PL cannot be 

explained by the drop in absorption alone. As such we must conclude that the PL 

output of the ensemble has decreased. We do not observe any significant change in 

the energy of the PL peak wavelength or the wavelength of the lowest energy 

transition which leads us to assume that no physical changes have been effected in the 

core of the dot. With this in mind we hypothesise here that functionalisation into the 

acidic buffer has partially or entirely removed the polymeric coating (PEG) around 

the dot, reducing the passivation o f surface states and resulting in a drop in the 

quantum yield of the ensemble as more non-radiative recombination pathways
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become available to the excited electron. We shall see whether this hypothesis is 

consistent with further analysis of the results above.

At this point we make no assumptions regarding the nature of the process by 

which the coating may be removed, but propose that possible candidates may be high 

affinity binding of the PEG molecules to environmental ions, or high affinity binding 

of environmental ions to the dot surface itself, displacing the PEG molecules. Figure 

59 depicts the proposed mechanism.

.+

Figure 59: D epiction o f rem oval o f  su rfa ce  p assivation  m olecu les due to bonding o f  

environm ental ions to either the dot surface  or  to the m olecu les them selves. The exposed surface  

states lead to a drop in PL efficiency due to an increased  num ber o f  n on-rad iative recom bination

path w ays.
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T h e  above hypothesis is supported by the observation of a significant blue 

shift in  the PL peak and ground state energy of the dots in acidic buffer under high 

in te n s ity  illumination. This implies that the acid is obtaining access to the dot surface 

to a t ta c k  it or that the surface itself is oxidising. Due to the large size of the polymer 

b o nds o n  the dot surface we would expect them to strongly inhibit access to the dot 

su rface  by  any such articles. The observation of a recoverable element in the blue 

shift o f  the absorption edge and the PL lends itself to the idea that the acid is attacking 

the d o t surface, causing material to dissociate. Since this material would remain in 

so lu tio n  it would seem reasonable that some of it would be re-adsorbed to the dot 

surface, effectively increasing the average cluster size, resulting in the observed 

recovery  as illustrated in Figure 60.

F ig u r e  6 0 : D epiction o f  rem oval o f  m ateria l from  dot su rface  under illum ination , follow ed by  

partial re-adsorption o f  m ateria l upon rem oval o f  illum ination .

The dynamics observed in Figure 56, unique to the acidic sample, show a

consistent decrease in absorption across the spectrum under illumination but a partial
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recovery or deceleration o f the degradation o f the lowest energy transition contrasting 

with a continued decrease in higher energy absorption upon removal o f illumination.

In order to satisfactorily explain this behaviour we must consider the expected 

behaviour o f the optical cross section (and hence the absorption) under the various 

changes which the dots are undergoing.

6.6 TEM and EDX measurements

Three samples were sent to Nicole Hondow and Andy Brown at the University 

of Leeds Institute of Materials Research for transmission electron microscopy (TEM) 

and energy dispersive X-ray spectroscopy (EDX) in order to investigate the validity of 

the hypotheses above. Samples studied were dots in a neutral buffer, dots in an acidic 

buffer and dots in an acidic buffer given a long (~96hr) exposure to high intensity 

laser light as per the samples studied above. Here we present the TEM images as well 

as the chemical analysis arising from the EDX. The neutral sample was diluted 5:1 

with isopropanol while the acidic sample was diluted 5:1 with methanol. The acidic 

sample which was exposed to laser light was not diluted, as it had been prepared in a 

more dilute mixture initially.

While a full experimental description o f  the EDX and TEM measurements is 

beyond the scope o f this document, I will briefly introduce the reader to the 

techniques below. Transmission electron microscopy, or TEM, involves the imaging 

of a sample (usually a very thin sample) by studying the interaction o f electrons with 

the sample as a small conducting tip is scanned across it. Energy dispersive X-ray 

spectroscopy (EDX) is often conducted in parallel with such studies due to the 

experimental convenience of using essentially the same setup. Material in the studied 

sample is bombarded with charged particles and the emitted x-ray spectrum is
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observed, and by precise knowledge of the frequency of the lines in the spectrum one 

is able to deduce, or narrow down, the material composition of the studied material.

6.6.1 Dots in N eu tra l B uffer

Figure 61 demonstrates images o f dots in the neutral buffer. We see evidence 

of aggregation of the dots, although it is possible that this is brought about by the 

dilution in solvent. The dots appear to be somewhat elongated along one axis, with a 

dimension of roughly 4-5nm in one direction and 9nm in the other. Figure 62 shows a 

higher magnification image of the dots and, significantly, dots sitting over the edge of 

the carbon film support, which indicates that the dots possess an amorphous coating; 

consistent with the passivating PEG layer which we have already hypothesised is 

stable in the neutral buffer.

F igure 61 T E M  im ages o f  dots in n eu tra l pH  buffer
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F igu re 62 High m agnification im age o f  co llo ida l q u antu m  d ots in n eu tra l b u ffer so lu tion . T he ap pearan ce  

o f  dots which sit over the edge o f  the carbon in d ica te  th e p resen ce  o f  an am orp h ou s coatin g , consisten t

w ith the p assivatin g  P E G  layer.
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F igure 63 EDX  sp ectru m  o f  a d ot in the neutra l buffer

In Figure 63 we see EDX spectra from a dot in neutral buffer. We shall return 

to consideration of the EDX spectra when we have observed equivalent spectra from 

the other samples, however we note that we observe clear Cd, S and Se lines (the Cu 

lines arises from the plate on which the samples are prepared) as well as weak O and 

P lines.
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6.6.2 Dots in A cidic B uffer

Below we present TEM images of dots in pH 4.0 buffer solution. Figure 64 

demonstrates that the dots in the acidic buffer have not aggregated as per the neutral 

dots. Inspection of the images shows no evidence o f dots on the edge of the carbon 

film, indicating that the amorphous film seen in Figure 62 is no longer present. Figure 

65 shows EDX measurement of a dot in the acidic buffer. The differences between 

this dot and that shown in Figure 63 are minimal, but we note that this measurement is 

very insensitive to the polymer coating.
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F igure 64 TEM  im ages o f  d o ts  in pH 4 .0  buffer.
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Figure 65 EDX measurement o f a dot in acidic buffer.

6.6.3 Dots in Acidic Buffer with Exposure to High Power Excitation

Here we present similar results to section 6.6.2, but where the sample has been 

exposed to high power excitation for an extended period. While the TEM images do 

not yield any additional information the EDX measurement shows some significant 

changes in the dots chemical makeup as seen in Figure 66. Careful inspection shows 

the presence o f a strong K (3.31 keV) or Cd Lp (3.32 keV) line as well as a small 

indication of Fe in the sample. Most importantly we observe a much stronger O line in 

this sample (Cd/O ratio is -1.16 as opposed to ~3.3 in the sample without exposure to 

excitation), indicating that the dot has been oxidised to some extent. Below we 

discuss the application o f this to the hypothesis above.
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Figure 66 EDX spectra of dots in acidic buffer after prolonged high power excitation

6.7 Conclusions and Application

We conclude that in the acidic sample the dots have undergone a significant 

alteration to their surface chemistry, arising due to the ability o f environmental ions to 

access the dot surface because of the removal o f  the polymer shell. A number o f 

measurements including a drop in PL output, TEM images indicating the absence o f 

the shell as seen in the neutral sample, and the oxidation o f the dot surface fro EDX, 

support the hypothesis that the coating shell has been removed and the dot core 

exposed. Upon removal o f this shell exposure to excitation causes photo-oxidation o f 

the dot, resulting in a semi-reversible blue-shift o f the PL peak and the band edge 

absorption. We may now state with some certainty as a result o f the EDX 

measurements, that the observed blue shifts are associated with the oxidation o f the 

surface. We cannot dismiss the possibility that the removal o f material from the dot is 

still occurring, however if this process is occurring then it is on a small scale since 

there is no observable change in the dot size on inspection o f TEM images o f samples 

which have undergone extensive photo-excitation at high power.

127



This sensitivity o f the dots to the environmental pH provides a number of 

interesting applications, especially in the field o f cellular imaging. A number of 

observable factors including a lower PL output, a drop in the observed absorption 

magnitude and blue shifting o f both the above provide the potential for use of 

quantum dots as pH sensors in imaging setups, especially in a cellular environment 

where the pH gradient between the early and late endosomes can be observed as the 

dots progress through the structure.

Conversely this work also has an impact on work currently undertaken and 

work which will be undertaken in the future. The goal o f using colloidal quantum dots 

in a number of medicinal and diagnostic capacities in vivo, as well as work more 

commonly performed currently in vitro rely on dot stability for reliability and 

interpretation of results, as well as the reliability o f the organic capping layer to 

prevent access to the toxic, inorganic, dot core. In this work we have demonstrated 

that in a moderately acidic environment the capping layer is removed and the dot core 

exposed. The implications of this for in vivo use o f CdSe/ZnS dots are many, since the 

exposure of the dot could allow release o f toxic cadmium ions. Ultimately this field 

will rely on the development o f dots made o f less toxic material, and/or the 

development o f more stable capping materials for the existing materials.

In vitro studies are much less affected by the issue o f toxicity (although 

studies on live cells may need to take this into account) however the release o f 

material from the dot, and the change to the dots makeup and subsequent alteration o f 

its optical properties will be of concern. Material coming from the dot’s inorganic 

core is of concern due to the possibility o f it affecting the function o f the imaged cell, 

as well as returning false positives on tandem measurements. To demonstrate the 

latter consider detection of K channels in a cell. Many o f the dyes commonly used as
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K-indicators are also highly sensitive to the presence o f Cadmium ions. The release of 

cadmium from the dot core, or simple exposure o f the inorganic surface, could result 

in false detection, and subsequent error in results.

In closing, the development o f less toxic material systems for colloidal 

quantum dots in biological applications and the ability to coat these dots with more 

stable surface materials is essential if  dots are to fulfil their potential for use in living 

organisms, especially for medicinal purposes in humans. In the short term, however, 

dots possess great potential as cellular indicators o f environmental processes due to 

their highly environmental sensitive optical properties.

In the context of biomedical imaging our results indicate that under ambient 

conditions dots which have been incorporated into a cellular environment will initially 

demonstrate a pH sensitive change in their properties over a timescale o f 

approximately 24Hrs. After this period the dots will provide a stable 

photoluminescence output under excitation up to 25pW cm‘1, with no significant 

change in the absorption profile. We have shown that above 250pWcm‘1 significant 

photo-dynamic behaviour is induced over a 24Hr timescale, with photoluminescence 

output increasing by -50%  in the acidic environment. There is also a large change in 

the shape of the absorption spectra, especially near the band edge, in the acidic 

environment. This implies that when using higher power densities in biomedical 

imaging application, great care is needed where an acidic cellular environment is 

involved as pH sensitive processes will drive changes in the photoluminescence 

output of the dots. Indeed, even when working at power densities one must be aware 

that the acidic environment alone will bring about changes in the dots, and that dots 

photoluminescence output must be allowed to stabilise before measurements are made 

if quantification o f changes in PL intensity is important.



7. Conclusions and Further Work

Here I will summarise the results presented in this document and go on to 

suggest work which could be done in order to further test the hypotheses which have 

been constructed, expand on the knowledge gained and apply the results o f this work.

7.1 Conclusions

The work contained in the document is divisible into two main parts: the study 

o f colloidal quantum dots in PMMA to develop an understanding o f their photo

dynamic behaviour, and the study o f colloidal quantum dots in pH buffers to simulate 

cellular environments. Here I will discuss the conclusions drawn from each o f these 

areas and their impact on the field.

7.1.1 Colloidal Quantum Dots in PMMA

In chapters four and five we used a two state model to describe photo-dynamic 

behaviour in quantum dot ensembles contained in a PMMA matrix. In doing so we 

were able to estimate values of the initial bright and dark population o f dots available 

for photo-brightening to be approximately 50% in our case, as well as separating the 

natural process by which dots enter into a bright state from the photo-driven element.

This work also identified a trend whereby, once the power-sensitive element 

o f the photo-activation was removed by calculating the probability o f photo-activating 

a colloidal dot upon absorption of a photon, the photo-activation probability o f dots 

became increasingly inhibited over time exposed to excitation. This was linked to 

possible oxidation of the dot surface, identified by a gradual blue shift in the emission 

wavelength, and a model describing the link was proposed.
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In the above work we have been able to expand on previous work detailing 

sensitivity of photo-dynamics to environmental oxygen and the role o f surface 

passivation in the emission intensity o f dot ensembles. We have drawn a link between 

these two processes by hypothesising that oxidation o f the dot surface eventually 

inhibits passivation o f surface states by preventing access to the dot surface by 

environmental molecules which may affect passivation.

7.1.2 Colloidal Quantum Dots in pH Buffers

In chapter six we studied the behaviour o f colloidal quantum dots coated with 

a hydrophilic polymer shell and functionalised in pH buffers. This enabled 

identification of key elements of their behaviour which will have an impact on their 

use in biological systems.

We identified that in a neutral environment the dots maintained a good level o f 

photo-stability, enabled by the polymer shell around the dot providing a degree o f 

protection from environmental factors. Conversely dots in acidic buffer showed 

dramatic changes to their behaviour under optical excitation, leading to the hypothesis 

that the organic shell had been partially or completely stripped by the acid. We 

arrived at this hypothesis by studying the emission and absorption properties o f the 

dots under a variety o f optical conditions, and applying curve fitting in order to 

characterise these observations. It was observed that under high intensity light the PL 

peak and wavelength o f the absorption ground state altered dramatically in the acidic 

environment, behaviour which was not observed in the neutral environment, implying 

that the dot core was exposed to environmental effects to a greater extent.

The above hypothesis was tested by EDX, TEM and FTIR measurements 

conducted by Leeds University. The TEM results obtained indicated the presence of 

an amorphous coating around the dots in the neutral buffer, which does not appear in
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the acidic sample, consistent with the presence o f the polymer coating in the neutral 

sample and its absence in the acidic sample. EDX studies indicated approximately 

three times the presence o f oxygen at the surface o f the dots in the acidic buffer after 

exposure to excitation, which suggests that the changes observed may have been 

driven by an oxidation process. As a result we concluded that our hypothesis 

regarding removal o f the ligand shell was accurate and that this enables oxidation o f 

the dot surface which drives changes in its optical behaviour.

The above work identifies a number o f potential pitfalls for dots in biological 

tagging and imaging applications including toxicity brought about by exposure o f the 

inorganic core, possible interference generated by dot by-products in tandem 

measurements, and undesirable changes in the magnitude and wavelength o f the dot 

emission in certain elements o f cells and organisms.

7.2 Further Work

In order to further test some o f the hypothesis we propose a number o f further 

studies could be performed, including attempting to detect free cadmium ions in the 

solution under excitation, which will provide confirmation o f the release o f material 

from the dot core, the implications o f which are discussed below. This may be 

possible with sensitised dyes, which demonstrate photo-dynamic behaviour dependent 

on the presence o f heavy metal ions. Such a study, should it prove that there was 

evidence of release o f such ions from the dot surface, would pose some very serious 

problems for studies where the detection o f K ions is used to identify biological 

pathways, since the tandem use of dots in such a study would return a false positive. It 

would also be of concern due to the highly toxic nature o f Cadmium ions in biological 

systems, especially if the goal o f incorporating dots into medical treatment is to be 

realised.
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The work detailed in this document could be supplemented by studies o f dots 

with a wider variety o f polymeric coatings, since we have addressed the specific case 

of dots coated with the PEG molecule. In addition it would be useful to expand the 

study to dots made of other materials widely used in imaging applications such as 

CdTe. The end goal o f such studies must be to develop a material system whereby the 

polymer shell is sufficiently well bound to the dot surface as to remain stable in 

volatile environments.

The results discussed above also provide the potential for use o f colloidal dots 

in identifying pH in imaging applications, whereby, if  the magnitude and/or 

wavelength of dot in a cell can be spatially resolved, the relative pH o f each area 

could be determined by comparison with standard data obtained in buffer solutions, 

provided other environmental factors could be ignored. While it is currently possible 

to perform such studies using dyes the many advantages o f colloidal dots over dyes, 

such as their relatively high photo-stability allowing much greater periods o f activity 

to be observed, means that they would be a useful alternative for studies where there 

was call for more flexibility.
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