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Abstract
Nanotechnology has seen an explosion of research interest in recent years. 

Nanoparticles are finding applications in an ever growing list of applications. 

To further develop these applications an understanding of the properties of a 

nanoparticle is needed. This thesis prevents an investigation of the 

photoluminescent properties of CdTe nanoparticles as a function of various 

post-preparative treatments.

Changing the inter-particle distance is found to cause 

photoluminescence wavelength shifts. These shifts are determined by the 

amount of energy transferred between nanoparticles. The effects of inter­

particle distance are seen when a suspension is diluted, re-concentrated or 

deposited as a thin film. In a thin film format similar effects are seen if the 

number of layers in a thin film is increased.

Changing the temperature of either a thin film or suspension of 

nanoparticles produces both reversible and irreversible photoluminescence 

wavelength shifts. The reversible changes are mainly found to be due to the 

presence of thermally activated trap states within the nanoparticles.

Finally, formation of a thin film via the layer-by-layer deposition method 

is studied. A real time in-situ analysis technique is used to monitor the whole 

deposition process. The deposition is found to take place in a series of 

stages with nanoparticles becoming either strongly or loosely bound to the 

surface. Optical waveguide lightmode spectroscopy is found to be an 

extremely useful technique for monitoring this thin film deposition as it allows 

researchers the opportunity to quickly and easily characterize individual 

experimental setups.

Keywords:

Layer-by-layer, Photoluminescence, Quantum dot, Temperature, Thin film
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1. Introduction

1.1 Context

After Richard Feynman’s infamous "There is plenty of room at the bottom” 

speech(1) there has been an explosion in the amount of research into the 

various forms nanotechnology. Many university courses(2,3), journals(4,5) 

and companies(6) have been founded. “Nanotechnology” and "nano" have 

become buzzwords and are applied to numerous products irrespective it 

seems of whether or not the said product actually contains any 

nanotechnology(7). This research explosion has been followed by a rapid 

increase in media interest. Not all of it good(8). But what is this 

nanotechnology? And why is it useful?

Nanotechnology is, by definition, technology on a nanometre (or 10'9m) 

scale. This size regime is the same order of magnitude as large molecules 

such as a DNA double helix which has a diameter of approximately 2nm. 

When reduced to this size, the physical and chemical properties of materials 

change. There is also a change in the priority of physical phenomenon. This 

means that researchers have an entirely new set of tools to work with and an 

entirely new set of problems to understand. The applications of these new 

tools are seemingly limitless.

The fast growing nature of nanotechnology means that almost as soon 

as something is published it is obsolete. However, Madou(9), Poole(10) and 

Foster(11) provide good introductions to this very broad field.
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1.2 Motivation

A quantum dot or semiconductor nanoparticle is one of the many new tools 

available to researchers. The properties and applications of these 

nanoparticles are discussed in Chapter 2. The motivation behind this thesis is 

to build a greater understanding of these novel materials.

To do this we will look at how the nanoparticles interact with one 

another in suspension and thin film forms. One of the most common post­

preparative treatments of CdTe nanoparticles is their deposition as a thin film 

thus this is looked at in greater detail. Finally, to gain an insight into how the 

nanoparticles may be affected by the environment they face within their many 

applications we also look at the effects of changing the temperature of 

suspensions and thin film.

1.3 Thesis Structure

The thesis is split into 8 Chapters. Chapters 4 - 6 are self contained Chapters 

on a particular topic; they each include an introduction to the topic, any 

necessary experimental information and a results and discussion section. 

The remaining Chapters are general and apply to all of the topics discussed.

Chapter 2 gives a brief general introduction into the background and 

previously published literature surrounding this thesis. The Chapter explains 

what nanoparticles are and what makes them special. Next, the synthesis 

and refining of CdTe nanoparticles is discussed. Several current applications 

of semiconductor nanoparticles are highlighted with particular attention given 

to the fields of biomedical and photonic technologies. Finally, different
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methods of depositing thin films from suspensions are discussed and an 

explanation is given as to why the technique used in this report was chosen.

Chapter 3 is a general methodology providing information on the 

generic techniques used throughout the thesis and the chemicals and 

instrumentation employed to achieve them.

Chapter 4 covers the manipulation of nanoparticles by dilution of 

suspensions and deposition of thin films. Before the nanoparticles can be 

used in any way they must first be processed into a useable format. As the 

nanoparticles used throughout this report have been produced by wet 

chemical synthesis the main usable forms are suspensions and thin films. 

This Chapter therefore looks at the factors affecting the nanoparticles as they 

are manipulated in these ways. The interaction between the nanoparticles is 

studied.

Chapter 5 looks in more detail at the layer-by-layer deposition method. 

Thin films of nanoparticles and three different polyelectrolytes are produced. 

Differences between the thin films are used to develop a proposed 

mechanism of deposition. The deposition is then studied in greater detail 

using an in-situ real time analysis technique.

Chapter 6 looks at the effects of heating and cooling both suspensions 

and thin films. Samples are repeatedly heated and cooled (temperature 

cycled) within the temperature range 293K-358K. Temperature changes are 

one key environmental factor that nanoparticles are likely to face within their 

various applications. It is therefore important to study how these changes 

affect the particles in order assess their feasibility for proposed applications.
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Chapter 7 is a general conclusion Chapter bringing together knowledge 

from each of the above Chapters.

Chapter 8 gives details of some unusual observations made throughout 

this thesis work and provides suggestions for future work topics within this 

area.

15



2 Background Literature

2.1 A Brief History of Nanoparticles

Today nanoparticles can seem to be magic or miraculous materials as they 

provide solutions to seemingly endless problems. A look at the content pages 

of the most respected general science journals such as Nature(1) or 

Science(2) reveals that, even in these non-specialist journals, nanoparticles 

are a hugely influential topic. Many specialist journals such as “Nano 

letters"(3), “Nanotechnology”(4), “Nature Nanotechnology”(5) and “SmaH”(6) 

have been founded to expand the available space for publishing in this 

discipline.

Publishing on nanomaterials is no longer restricted to the scientific 

community. Numerous newspaper articles (7,8) and popular-science 

books(9,10) are available to the interested non-scientist. Richard Turton’s 

The Quantum Dot{ 11) made the bestsellers lists and nanotechnology now has 

its own For Dummies title(12). Nanoparticles have even become the domain 

of science fiction writers with Michael Crichton’s Prey(13) focussing of the 

perceived terrors of uncontrolled nanotechnology. In his 1995 futuristic sci-fi 

book, The Diamond Age( 14), Neal Stephenson describes “fabricules” 

nanotechnology which when applied to the surface of gloves allows them to 

dig into dirt and yet be clean again moments later. The reason for this 

intense interest is that nanotechnology and nanoparticles, in their various 

forms, are proving to have applications in areas as different as catalysis(15) 

and consumer electronics(16) or medicine(17) and security(18). This recent

16



nanoexplosion would lead you to think that nanoparticles are new materials. 

They are not. Of course, the specialized nanoparticles being employed in 

many modern applications are new. But nanoparticles themselves are not. In 

fact they have been known to be used in hair-dyes as early as Greco-Roman 

times. Scientists following an ancient recipe for hair-dye used by the Romans 

found the active ingredients to be PbS nanoparticles(19). A 2006 

transmission electron microscope study showed that nanotechnology had 

been commonly used in 17th century India, albeit unwittingly, when 

blacksmiths developed Damascus Steel swords which were known for their 

strength, sharpness and flexibility. Analysis conducted by Riebold et a/(20) at 

Dresden University showed the steel used in the swords contained carbon 

nanotubes!

2.2 Nanoparticle Nomenclature

Nanoparticles, nanocrystals and colloidal quantum dots are popular terms for 

semiconductor particles that have all three spatial directions measurable in 

the nanoscale and which exhibit exciton confinement. Although by definition 

nanoscale encompasses everything from 1nm to 100nm the particles are 

generally in the lower end of this range, 2 -  10nm. These terms can become 

confusing as sometimes they are used interchangeably(21,22) but they can 

also have different meanings; for example Murray et a/(23) only use the term 

nanocrystals for structures with well-characterised crystalline cores and define 

nanoparticles as being amorphous or having multi-domain cores. For 

simplicity, throughout the rest of this thesis only the term nanoparticle is used
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(except when referring to work by other researchers) and is used to mean a 

highly-crystalline, electron-confined semiconductor nanostructure.

Figure 2.1: Different sized nanoparticles displaying different optical properties. 

Image is reproduced with permission from Phillips(24).

2.3 Size Quantisation

An exciton is a paired conduction band electron and valence band hole. In a 

nanoparticle the radius of the particle (a) is smaller than or comparable to the 

wavelengths of the electrons and holes and the Bohr radius (ae) of the 

exciton. This confines the exciton to within the nanoparticle and is also known 

as size quantisation. Early reports on size quantisation by Efros and 

Efros(25) and Ekimov and Onushchenko(26) started the research interest into 

nanoparticles. Confining electrons in this way changes the energy spectrum 

of the nanoparticle; discrete atom-like energy bands are formed. When the
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nanoparticle is in a strong confinement regime, a «  Sb, the energy of the 

absorbance spectrum bands (Eni) are given by the expression(27):

I? - r  . _ h 2 
nl g 2 na2Xnl

Equation 2.1: The quantised absorbance bands in a nanoparticle

.2

Where Eg is the band gap of the bulk material; h is the reduced plank's 

constant; p is the electron hole reduced mass; a is the area of the 

nanoparticle and Xni are the roots of the Bessel function(28). The absorbance 

of a nanoparticle is at higher energy than the absorbance of the bulk 

semiconductor. Since the area of the nanoparticle is a denominator in 

equation 2.1 decreasing the area of the nanoparticle will increase the value of 

the variable in the equation and increase the energy of the absorbance band. 

Thus the nanoparticle exhibits size selective optical properties. Figure 2.2 

shows the change in absorbance wavelength (size of nanoparticle increases a 

to h) and Figure 2.1 shows a change in photoluminescence (the size of the 

nanoparticle is increased left to right).
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Figure 2.2: The changes in absorbance wavelength as the size of 

nanoparticles are increased. The smallest particles are shown in spectrum a 

and the largest in spectrum h. The image is taken from Murray et al (29).

2.4 Synthesis of Nanoparticles

2.4.1 Desirable Nanoparticle Properties

For use in any application nanoparticles need to be of a high quality. 

Desirable properties in a nanoparticle are high stability, high crystallinity and
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high quantum yield. The ability to select the size of nanoparticles and ensure 

a narrow size distribution is also important along with the option of controlling 

the surface properties of the particle. Colloidal chemical synthesis provides a 

method of reaching all these targets. Cadmium chalcogenide nanoparticles 

display high quantum yields. Wuister et a/(30) achieved a 40% quantum yield 

by controlling the synthesis reaction time in the production of CdTe 

nanoparticles. High crystallinity is important as defects can allow non- 

radiative recombination reducing the quantum yield. Higher yields have been 

obtained by passivating or capping the nanoparticle. Hines and Guyot- 

Sionnest(31) reported a 50% yield and Bao et a/(32) an 85% yield.

2.4.2 Controlling the Size Distribution

Since the size of a nanoparticle directly affects its optical properties it is 

important to develop synthetic methods that allow control over both size and 

size distribution.

A study by LaMer and Dinegar(33) in 1950 investigated the mechanism 

of formation of monodisperse hydrosols. Examining the decomposition of 

sodium thiosulfate in hydrochloric acid they found that the concentration of 

sulfur builds up until a critical concentration is reached when self-nucleation 

occurs. This nucleation reduces the sulfur concentration and further 

nucleation is halted as the critical concentration is no longer reached. 

Therefore, to obtain monodisperse colloids of nanoparticles it is important to 

control the rate of addition of reagents. If the concentration of reagents is 

allowed to reach a critical concentration and then is quickly reduced - no 

further nucleation will take place. Growth of all the nanoparticles will take
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place at similar rates. If the growth after nucleation is large compared with the 

nucleation stage then the nanoparticles will become more uniform with time. 

This is known as focussing the size distribution.

Ostwald ripening(23,34) also improves the monodispersity of 

nanoparticles. Ostwald ripening occurs naturally during the synthesis 

procedure and is seen as a second growth stage. The high surface energy of 

the smaller nanoparticles promotes their breakdown. Subsequent material is 

then deposited onto the remaining larger nanoparticles. A long growth stage 

at high temperature allows Ostwald ripening to occur.

2.4.3 Wet Chemical Synthesis

The desire to produce nanoparticles with the properties outlined in Section 

2.4.1 has led to a vast amount of research and several synthetic techniques. 

Nanoparticles can be produced from both group ll-VI and group lll-V 

compounds and the wavelength of emission can be tuned from the ultra violet 

(UV) to the near infra-red (IR)(35). Figure 2.3 shows the approximate 

wavelengths of emission that can be achieved using various ll-VI 

combinations. The variance within each compound is the wavelength change 

that is determined by the nanoparticle size.
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Figure 2.3 Emission wavelengths of various nanoparticle materials.

Prior to 1993 nanoparticles were mainly synthesised via aqueous 

routes(36,37) but the nanoparticles produced had poor crystallinity and low 

uniformity in both size and shape having a root mean square (rms) greater 

than 15%(38,39). However, in 1993 and 1994 Murray et a/(39) and Bowen 

Katari et al(40) developed highly cited organometallic syntheses of cadmium 

chalcogenides. Trioctylphosphine (TOP) or tributylphosphine (TBP) and 

trioctylphosphine oxide (TOPO) were used as high-boiling coordinating 

solvents. Cadmium and chalcogenide precursor reagents were added by 

injection to hot TOPO. This rapid introduction of the reagents followed La 

Mer’s(33) guidelines to produce homogenous nanoparticles by keeping the 

nucleation stage short. This simple method provided high quality 

monodisperse nanoparticles with a rms of less than 5%.

Talapin et a/(41) adopted a different method of controlling the size 

distribution. Dodecylamine (DDA) was dissolved in TOP and Me2Cd and Te 

powder are added. The reaction temperature is carefully raised to 200°C. No 

hot injection method is used, instead, the DDA acts as a size-regulating and 

stabilizing agent. The tellurium powder dissolves slowly allowing the



nanoparticles to grow very slowly at high temperatures producing high quality 

crystallinity and very low defect density.

Recently Sapra et al{42) developed a novel synthesis route using olive 

oil as the co-ordinating solvent. This eliminates the need for the toxic TOP. 

As the popularity of nanoparticles increases (see Section 2.5) low cost, simple 

and less toxic production methods are likely to become more conventional.

The nanoparticles used throughout this thesis have been prepared by 

Gaponik et al{43). H2Te was reacted with Cd(CI)4)2-6H20  under a N2 

atmosphere in the presence of thioglycolic acid (TGA) - used as a stabilising 

capping agent (see Section 3.1). The precursors were then refluxed at 100°C 

in open air conditions. The reflux time was determined by the size of the 

nanoparticle desired and the thiol present. For 5nm CdTe nanoparticles with 

a TGA capping layer a reflux time of 2-3 days was required.

2.4.4 Refining the Nanoparticles

The monodispersity of the nanoparticles in each of the methods discussed 

can be refined by size selective precipitation(39,41). A solvent that is miscible 

with the main solvent used in the synthesis but is not compatible with the 

capping layer of the nanoparticles is used. As this miscible non-solvent is 

slowly added to the suspension of nanoparticles it reduces the energetic 

barrier to aggregation and destabilises the suspension thus the nanoparticles 

begin to precipitate. Larger particles experience stronger attractive forces 

which makes them agglomerate and precipitate out of solution before the
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smaller particles(39). Size fractions of nanoparticles can then be collected by 

filtering or centrifuging.

Due to the large surface area to volume ratio of the nanoparticles, 

factors affecting the surface of the nanoparticle have a pronounced effect on 

their physical properties. At the surface of the nanoparticle substantial 

repositions in the atomic positions occur causing energy levels within the 

forbidden energy gap of the bulk solid(44). Surface traps that allow non- 

radiative recombination greatly decrease the quantum efficiency of 

luminescent nanoparticles. The problem can be avoided by passivation 

where a capping material is added -  surface atoms are bonded to another 

material of higher band gap and energy levels inside the band gap are 

eliminated. Ideally passivation should remove all the surface defects without 

causing a strain.

Bowen Katari et a/(40) used x-ray photoelectron spectroscopy (XPS) to 

examine the surface of CdSe nanoparticles. They found that Cd atoms on the 

surface are bound to the stabilizing ligand TOPO whilst Se atoms are 

unbound and become oxidised on exposure to air. If TOPO is removed 

neither site is passivated and exposure to air oxidises both Cd and Se. This 

oxidation caused degradation of the nanoparticle over time.
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2.4.5 Coating Nanoparticles

capping

nanoparticle \ 
core /

Figure 2.4: Schematic of a core - shell nanoparticle. The shell of the 

nanoparticle is made from a material with a wider band gap which confines 

the holes to the core of the nanoparticles reducing surface traps.

Several research groups have investigated coating nanoparticles in a shell of 

wider band gap material(45). This has the effect of confining the holes to the 

core of the nanoparticle and greatly improves the quantum yield. Peng et 

al{46) grew shells of CdS onto CdSe nanoparticles. The shells have a 

uniform thickness of up to 3 monolayers 23-39A and are grown epitaxially 

onto the core. They found a change in the photoluminescence quantum yield 

with thickness of shell, reaching a maximum at just below 3 monolayers giving 

a quantum yield of 50%.
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Hines and Guyot-Sionnest(31) grew (CdSe)ZnS nanoparticles 

confirmed by XPS following Bowen Katari’s(40) method for CdSe 

nanoparticles and injecting Zn/S/TOP solution into the reaction vessel after 

the initial formation of nanoparticles. This results in a 50% quantum yield and 

nanoparticles that are stable for months.

2.5 Current Applications of Nanoparticles

2.5.1 Diagnostics and Biomedical Applications

Perhaps the most popular current use of semiconductor nanoparticles is their 

use in biomedical and diagnostic applications. Alivisatos(47) and Michalet et 

a/(48) provide good reviews of this rapidly growing field.

Capping a nanoparticle with an isolating or biologically recognised 

shell(45,49) allows the nanoparticle to interact with biological systems. The 

small size of the nanoparticle coupled with a specifically designed shell 

means entry into a cell is possible. Consequently nanoparticles are now 

replacing the traditional organic dyes in cellular labelling of both live(49,50) 

and fixed(47,48) cells. Nanoparticles offer the advantage of multiple colour 

labelling and extended visualisation under continuous illumination(48,51). 

Near-IR emitting nanoparticles have also found applications in in vivo deep 

tissue imaging. The nanoparticles allow deeper image penetration than the 

existing IR dyes(51).
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Figure 2.5: Nanoparticles as biomedical diagnostic tools. Bio conjugated 

nanoparticles are used to highlight breast cancer cells(52).

An example of how popular nanoparticles are becoming in the 

biological field can be found in cancer research(53). Luminescent 

nanoparticles have been used to confirm the presence of cancer cells, to 

image cancer cells, to monitor and track the development and spread of 

cancers and even to provide therapeutic treatment. Figure 2.5 shows an 

example of how useful the nanoparticles can be. The images are taken from 

a 2007 paper by Yezhelyev et al(52). The cells being imaged are MCF-7 

human breast cancer cells, nanoparticles of different colours are capped with 

antibodies for particular oncoproteins expected to be found within the cell. 

The red nanoparticles are designed to detect, EGFR, a cell membrane 

surface antigen whilst the green nanoparticles detect, ER, a nuclear hormone 

receptor. The complete cell can then be imaged at different wavelengths, 

655nm for the red and 525nm for the green, to simultaneously detect the 

presence of both biomarkers. Figure 2.6 is taken from the same paper and
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shows a schematic of how the different nanoparticles can be used to image 

different parts of the cell.

yellow:

Figure 2.6 Nanoparticles imaging different parts of a cancerous cell(52).

Gao et al(54) and Pellegrino(55) have used nanoparticles to track 

cancer cells, monitor the development of the cells and gain information about 

the cancer’s invasiveness. Finally the Halas group at Rice university(56,57) 

have developed a cancer treatment using gold/silica nanoshells. The shells 

absorb light in the near IR region. The region of the electromagnetic 

spectrum provides efficient transmission through human tissue. As the shells 

absorb the light they undergo a temperature increase and whilst only small 

this temperature increase is toxic to the surrounding cells. The researchers 

have conducted in vitro studies on human cancer cells and in vivo studies on 

tumours in mice; both produced therapeutic results.
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2.5.2 Nanostructured Light Emitting Devices

Another major area of interest in photoluminescent and electroluminescent 

nanoparticles is their incorporation into optoelectronic devices. Organic light 

emitting diodes (OLEDs) and nanostructured light emitting devices (NLEDs) 

aim to be a competing technology for the likes of liquid crystal displays 

providing low-cost, wide-angle, full-colour and large-area displays. Figure 2.7 

shows electroluminescence from a NLED produced by Gallardo et al(58) 

operating in open-air conditions and Figure 2.8 shows a schematic of the 

different layers incorporated into an NLED.

Figure 2.7: Electroluminescence from a NLED. Image from Gallardo(58).

Although NLEDs have been produced without organic components 

there have been many cases of NLEDs being formed from semiconductor 

nanoparticles and polymers. Hybrid NLEDs combine the advantages of 

OLEDS(59) such as low cost and mechanical flexibility with the advantages of
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semiconductor nanoparticles. Colvin et a/(60) created hybrid devices from 

CdSe nanoparticles and poly(para-phenylene vinylene) (PPV) and found a 

voltage tuneable luminescence. At low voltages, emission from the CdSe 

layer occurs and the colour depends on the size of the nanoparticles used in 

the device. At high voltages, luminescence from the polymer occurs and is 

green. However the external quantum efficiency of the device is low 0.001 -  

0 .01%.

In 1997 Schlamp et a/(61) improved the external quantum efficiency to 

0.22% using CdSe nanoparticles capped with CdS shells and PPV. Several 

of their devices showed simultaneous luminescence from both nanoparticle 

and polymer layers, this changed to just nanoparticle emission as the 

nanoparticle layer was thickened. At higher voltages from 6-8V the polymer 

electroluminescence increased indicating that at higher fields a higher fraction 

of electrons reach the PPV before recombining.

Gaponik etal(62) produced a CdTe and polyaniline (PAni) NLED with a 

turn on voltage of ~2.5V (much lower than the 4V seen in previous 

work(60,61)). Comparing devices with and without PAni they found that 

above 4V the devices with PAni show higher external quantum efficiency, this 

occurs below the turn on voltage of the polymer emission. The polymer 

nanoparticle composite allows direct electrical connection of the PAni and 

CdTe, PAni then behaves as a hole-transporting layer.

Gao et al 2000(63) investigated NLEDs with various sizes of 

nanoparticles and found that both the stability and efficiency of luminescence 

increases with nanoparticle size. The turn on voltage, however, decreases 

with increasing nanoparticle size. Gao suggests this is because the electron
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energy state is closer to the work function of Al in the larger particles, as the 

particle size decreases the electron state shifts to higher energies. Thus the 

efficiency of electron injection decreases with particle size. This group also 

synthesized devices containing layers of two different size nanoparticles. 

They found that luminescence always occurred from the nanoparticle layer 

closest to the hole injecting indium tin oxide (ITO) electrode. Showing 

electrons are the majority carriers.

Electrode

Nanoparticle or 
polymer/nanoparticle layer

Transparent conducting layer

Transparent substrate

Figure 2.8: Schematic of a NLED. The luminescent nanoparticles are 

sandwiched between two electrodes.

2.5.3 Photovoltaics

According to the Earth Policy lnstitute(64) the worldwide production of 

photovoltaics has been rising by an average of 48% per year since 2002 

making solar energy the world’s fastest growing energy source. The main 

challenges in photovoltaic research are to increase the energy conversion 

efficiency of the devices and to decrease the cost of manufacturing them.
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Traditional single crystal silicon solar cells are efficient but are also 

expensive(65).

Increasing the efficiency of photovoltaics is achieved by increasing the 

energy absorbed by the cell and decreasing the energy lost to exciton 

recombination. The tuneable nature of the band gap in semiconductor 

nanoparticles allows higher efficiency photon absorption by careful selection 

of the nanoparticles used. Using a mixture of differently sized nanoparticles 

allows both a high photon capture rate and capture of high energy photons. 

Thus provides an enhancement of the energy absorbed without the 

complications of achieving this through multi-junction cells(66). Nanorods 

have been shown to accelerate the carrier mobility(67) and in doing so reduce 

the energy lost to recombination. But nanoparticles can also increase the 

efficiency of photovoltaic devices in a third way, by providing multiple excitons 

per photon absorbed. When the energy of the absorbed photon is much 

higher than the band gap of the semiconductor multiple excitons can be 

formed(68). This does not usually happen in bulk semiconductors because 

the energy dissipates away as heat before multiple excitons can form. In 

nanoparticles the quantized energy states slow the heat loss and allow more 

time for excitons to form. Nozik has reported a 300% quantum yield when the 

energy of the photon is approximately four-times that of the semiconductor 

band gap(69,70).

Nanoparticles can be used in photovoltaic devices in several ways: as 

nanoparticles arrays(71), as hybrid nanoparticle-dye sensitized Gratzel 

cells(72) and as hybrid organic-nanoparticle devices(73). Gallagher et 

a/(74,75), working as part of the European funded initiative FULLSPECTRUM,
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provide another novel example of how nanoparticles can be used to improve 

the efficiency of photovoltaics. A spectral concentrator or converter is 

fabricated using a thin film of nanoparticles. Attached to the top surface of a 

traditional solar cell, the nanoparticles absorb the incoming light and red shifts 

its wavelength before emitting at a wavelength more suited to the band gap of 

the solar cell. This allows the mismatch between a silicon solar cell’s band 

gap and the solar (AM1) spectrum to be bridged. Whatever the method of 

inclusion nanoparticles are sure to play a very important role in the future of 

solar energy.

2.6 Photoluminescence

Luminescence is the process in which substances emit photons. Excitation to 

a higher energy state has occurred then, as the system relaxes to a lower 

energy state, electromagnetic radiation is emitted. In photoluminescence 

excitation has occurred by absorption of a previous photon. The time period 

between excitation and emission is usually very short, in the order of ten 

nanoseconds.

Most of the results reported in this thesis involve measuring the 

photoluminescence of a suspension or thin film. Photoluminescence and 

absorption spectra of a typical CdTe suspension are shown in Figure 2.9. 

The photoluminescence peak maximum is ~630nm and the spectrum shows a 

full width at half maximum (FWHM) of 59nm. This is quite a broad spectrum 

and shows that the nanoparticles in this sample are of various diameters. 

Smaller nanoparticles emit at higher energy or shorter wavelengths and larger
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nanoparticles emit at longer wavelengths. The absorption spectrum shows a 

featureless curve suggesting that the nanoparticles in this sample have a 

broad size distribution or are agglomerated into small clusters(76).
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Figure2.9: Photoluminescence and absorbance spectra of a suspension of

CdTe nanoparticles.

2.7 Thin film Deposition

Much of this thesis involves discussion of thin films of nanoparticles. It is

therefore important to look at how these thin films are deposited. Chapter 5

studies the formation of thin films by a layer-by-layer (LBL) deposition method.

As an introduction we should first look at the alternative methods of producing

thin films.
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There are many methods of creating thin films and choice between 

them is made by considering: the material to be deposited; the substrate to be 

deposited on; the required quality; the quantity of thin films required, e.g. 

commercial versus laboratory scale, and any cost restrictions. The 

nanoparticles used in this thesis have been produced by wet chemical 

methods (see Section 2.4.3) and are provided in an aqueous suspension 

form. Our choice of deposition methods is therefore limited to: spin coating, 

dip coating, spray coating, Langmuir-Blodgett deposition and LBL deposition.

2.7.1 Spin Coating

Spin coating is used to apply thin film coatings to flat substrates. It is 

commonly used when processing silicon wafers for micro electro mechanical 

devices. A solution or sol is applied to the substrate which is then rotated at 

high speed. Centrifugal force ensures a uniform layer of the coating. Excess 

deposition material is spun off the edge of the substrate and the machine 

must be cleaned regularly. The solvent used is volatile so the coating dries 

quickly allowing subsequent layers or further processing to follow. The layer 

thickness is controlled by the solution or sol composition, the spin speed and 

the spin time. Advantages of spin coating are that it is a quick, easy and 

cheap method. Disadvantages are that scale-up of the substrate size can be 

difficult, wastage of solution is high and drying steps must be included if 

multiple layers are required.
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2.7.2 Spray Coating

Spray coating involves spraying a fine mist of material onto the substrate. 

Any size or shape of substrate can be used. The technique can include 

anything from a simple pump or gas powered bottle to a sophisticated 

ultrasonic or electron enhanced spraying machine. Figure 2.10 shows a 

ultrasonic liquid atomization sprayer from Sonotek(77).

ic roJ

Figure 2.10: Micro Mist from Sonotek

Spray coating is used extensively in industry as it is fast, easy to scale- 

up and can be very precise. A wide range of materials can be deposited and 

deposited on. A disadvantage of the technique is that wastage of the 

deposition material is often high due to overspray. In a laboratory it can be 

difficult to emulate the precision seen in industry without expensive
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automation technology. Finally, if the material to be deposited included 

nanoparticles containing cadmium there would be the additional safety risk of 

having created airborne particles and deposition would have to take place in 

an enclosed environment.

2.7.3 Langmuir-Blodgett

Langmuir-Blodgett (LB) deposition is a very popular technique for depositing 

thin films of organic molecules. The technique was developed in the late 

1910s and early 1920s by the Nobel prize winning Irving Langmuir(78) and 

applied by Catherine Blodgett in 1935(79). The LB technique works by first 

creating a monolayer of the material to be deposited on the surface of a LB 

trough. A substrate is then inserted and withdrawn through the monolayer 

and material is transferred from the trough to the surface of the substrate. 

Figure 2.11 shows a picture of a LB trough. Petty provides an excellent 

introduction to the physics and chemistry behind LB films(80).
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Figure 2.11: Langmuir-Blodgett trough.

The monolayer formation relies on the amphiphilic nature of the 

molecules. Thus to form a suitable monolayer for LB deposition we are 

limited to certain types of molecules. Careful consideration needs to be given 

to the size of the head group and the length of the hydrocarbon chain. If the 

chain is too short micelles will form instead of monolayers and if the chain is 

too long the material will crystallize(80). Non-amphiphillic molecules can and 

have been(81) deposited by the LB technique, but they first need to be 

attached to a suitable amphiphile.

Once a monolayer is formed the dividing beam of the LB trough (see 

Fig. 2.11) is used to ensure the molecules are in a solid state phase. Material 

can then be transferred onto a substrate Figure 2.12 shows a schematic of 

this. Thin films can be deposited in several different film orientations by 

changing the direction of the first deposition stroke. In Figure 2.12 the 

substrate is being withdrawn from the trough, this means the first layer
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deposited has the hydrophilic head groups attached to the substrate. Once 

completely withdrawn the substrate and monolayer could be re-inserted into 

the trough and a bi-layer would form. If the first layer was instead deposited 

by inserting the substrate into the trough a monolayer with the hydrophobic 

parts of the molecule attached to the substrate would form. Dual LB troughs 

also exist to enable alternate layers of two different molecules to be built up; 

the substrate is lowered through one part of the trough then transferred 

underwater to the second part. Langmuir-Schafer deposition involves 

lowering the substrate horizontally towards the trough surface until the 

substrate just touches the hydrophobic tail of the molecules. In this method 

the material is transferred as a complete film.
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Figure 2.12: LB film deposition. Adapted from Petty(80).

Advantages of the LB technique are that it is well established, well 

understood and allows precise control of the number, orientation or thickness 

of the layers deposited. After the first layer has been deposited the technique
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can proceed relatively quickly but is still very slow when compared to spray 

coating. Disadvantages of the technique are that there are some limitations 

on the materials that can be deposited and the initial trial and error of new 

setups can be complicated. Also, the strength of the film is dependent on Van 

der Waals forces which are weaker interactions than the electrostatic 

attraction seen in the next Section.

2.7.4 Dip Coating and Layer-by-layer Deposition

Dip coating is a simple procedure where a substrate is dipped into a solution 

of the material to be deposited and a layer is formed on the surface of the 

substrate. The LBL method is an advanced version of dip coating.

EH

Figure 2.13: A schematic of the build-up of layers during the LBL process.

The cationic polyelectrolyte is shown in blue and the anionic polyelectrolyte in 

red. The surface charge at each stage is shown in green.
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The LBL deposition process is a self-assembly technique commonly 

referenced as being introduced by Decher(82). The process works by using 

electrostatic charges to form attractive forces between different 

polyelectrolytes. Figure 2.13 shows a schematic of how the layers are built up 

during a LBL deposition process and Figure 2.14 shows the structures of 

some of the commonly used polyelectrolytes. A polyelectrolyte is a polymer 

containing electrolyte groups; when in aqueous or polar solvents the 

electrolyte group can dissociate to form a charged species. Of the 

polyelectrolytes shown in Figure 2.14 PEI, PDDA and PAFI form positive 

polymers and PAA and PSS form negative polymers. In the first step of LBL 

deposition a charged substrate is immersed into a solution of oppositely 

charged polyelectrolyte. Due to electrostatic attraction the polyelectrolyte 

then forms a monolayer on the surface of the substrate. As the 

polyelectrolyte has multiple charges a charge reversal occurs on the surface; 

that is, enough polyelectrolyte is adsorbed to match and over-compensate the 

charge of the substrate therefore changing the charge of the newly created 

surface. This charge reversal is essential to the process as it allows further 

monolayers to be deposited. If the charge of the surface was not changed it 

would not be possible to deposit a layer of oppositely charged material. If the 

charge of the surface was only matched by the new polyelectrolyte therefore 

neutralising the surface charge then any further deposition attempts would be 

much less efficient as there would not be the same electrostatic incentive. 

The charge reversal also acts as a control; changing the surface charge 

prevents the deposition of more than one layer of polyelectrolyte in a single 

step as the deposited polymer will repel further deposition of polyelectrolytes
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with the same electrostatic charge(83,84). A washing and sometimes also a 

drying(85) stage is employed to remove excess particles and prevent 

contamination. In the second step the substrate is immersed into a solution of 

oppositely charged polyelectrolyte and a second monolayer adsorbs. The 

washing and drying steps are repeated and one bi-layer is now complete. 

The process can be repeated until the desired number of layers has been 

deposited.

PEI

Polyethylenimine

PAH
Poly(allylamine hydrochloride)

r*
“ La

PAA 

Poly(acrylic acid)

SO 3*1

PSS
Poly(sodium 4-Styrenesulfonate)

PDDA

Poly(dimethyldiallylammonium Chloride)

Figure 2.14: Structures of some common polyelectrolytes

There are many advantages to the LBL method perhaps the main one 

is its versatility. Any polyelectrolyte can be used(87). Figure 2.14 shows the 

structure of some commonly used electrolytes(86,87). Therefore, just by 

changing the polyelectrolyte and the number of depositions it is possible to 

control, at the nanometre scale, the thickness and architecture of the film. 

The LBL technique is mostly substrate insensitive(82); providing a substrate
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has a charged surface it can be used for LBL. The substrate does not need to 

be pre-treated. The inherent surface charges in glass or on an ITO coated 

substrate are enough to perform LBL. Although, if a substrate has only a 

small amount of surface charge, charge multiplication can occur during the 

first few layers(88). The simplicity of LBL means no specialist equipment is 

needed. Being easy to automate also makes the technique a rapid and 

reliable method of producing high quality thin films. A disadvantage of the 

technique is that the mechanism of deposition is less well understood than 

that in LB. The technique is also limited to molecules with electrostatic 

charges, but this limitation is less restrictive than in LB.

2.7.5 Choice of Deposition Method

In this thesis the material to be deposited was aqueous suspensions of CdTe 

nanoparticles capped with TGA and the main substrate used was glass. The 

deposition method chosen was LBL. The methods of spin and spray coating 

were discounted due to the high wastage of material inherent in these 

techniques. Whilst LB has been used to deposit nanoparticles(81) there is 

more literature, and therefore knowledge, available on using LBL for these 

types of nanoparticles. The TGA capping of the nanoparticles makes their 

surface negatively charged thus miscible with polar solvents such as water. 

The nanoparticles would therefore need to be adapted before use with the LB 

technique. The particular deposition technique used throughout this thesis is 

detailed in section 3.2
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3 General Methodology

3. 1 Nanoparticle Suspensions

All the CdTe nanoparticles used in this report were obtained from Dr N 

Gaponik of Technical University Dresden and were stored in the dark at 3-5°C 

before being used. The nanoparticles were synthesised(l) in aqueous 

solution and were coated with a capping layer of TGA. The stability of the 

nanoparticles was high and the suspensions could be stored for months 

without degradation^). The structure of TGA is shown in Figure 3.1. The 

thiol group (marked yellow in the left-hand diagram) bonds to the surface of 

the nanoparticle with the carboxylic acid group (red in the diagram) forming a 

capping layer of negative charge around the particle.

Figure 3.1: Structure of TGA
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Before use the suspensions were usually (except for Chapter 4) diluted 

using high purity water obtained from Sigma Aldrich. Figure 3.2a shows a 

nanoparticle suspension irradiated by UV light at 365nm. Figure 3.2b is a 

schematic of the structure of a CdTe nanoparticle capped with TGA.

Figure 3.2: a CdTe nanoparticles under a UV light source and b a schematic 

of a TGA capped nanoparticle.

Throughout the experimental work several different CdTe suspensions 

have been used. Although all the suspensions are made using the same 

technique, slight differences occur between the different batches. Likewise, 

the conditions suspensions are kept in once they arrive and between 

experiments (e.g. kept in the dark in the fridge or kept in the laboratory) cause 

differences between the samples. These differences are most noticeable 

when measuring the photoluminescence spectra of the suspension, different 

batches and different conditions cause a difference in the photoluminescence 

spectra peak maximum. For the above reasons, comparisons are only drawn

TGA capping
Z  ? 5*

CdTe

a b
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between suspensions or thin films made from the same batch of CdTe and 

differences in wavelength from one part of this report to another are not 

further discussed.

3.2 Layer-by-layer Production of Thin Films

Thin films of CdTe nanoparticles were deposited onto cleaned glass 

substrates using a layer-by-layer (LBL) technique first reported by Decher(2) 

and previously used in our lab by Gallardo(3). Since the CdTe nanoparticles 

used were capped with TGA they had a negatively charged surface and 

required a cationic polymer for electrostatic interactions. Throughout this 

thesis (except were stated in Chapter 5) polydiallydimethylammonium chloride 

(PDDA) was used as the polymer. The deposition technique is described 

below. Figure 3.3 shows a glass slide after being coated with 10 layers of 

polymer and nanoparticle using the LBL method.

Figure 3.3: A glass slide after LBL coating
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3.2.1 Substrate Preparation

Microscope glass slides were cut into ~2.5cm2 substrates. The substrates 

were cleaned in a series of four ultrasonic baths using solutions of: detergent 

and water, distilled water, acetone, and finally isopropanol. The substrates 

were kept in each bath for a minimum of five minutes. The substrates were 

then left to dry in a dust free environment.

3.2.2 Polymer Solutions

PDDA solution was made up from 20w% PDDA in water (Mw 200,000 - 

350,000) obtained from Aldrich dissolved in a 0.2M NaCI buffer to a 

concentration of 5mg/ml. The structure of PDDA is shown in Figure 2.14.

3.2.3 Layer-by-layer Deposition

Cleaned glass substrates were dipped into a PDDA solution for 20 minutes 

washed with deionised water for 2 minutes and then dipped into a CdTe 

suspension for a further 20 minutes. This cycle was repeated until the desired 

number of layers had been deposited. The samples are withdrawn from the 

solutions in incremental steps, this allows the meniscus to remove excess 

solution ensuring an even layer. No drying step is used. The process was 

automated (see Fig. 3.4); samples are moved using a robotic arm which 

removes all operator errors and ensures a repeatable procedure. The 

automated LBL apparatus was designed and programmed by Gallardo(3). 

Covers are fitted over each of the beakers to prevent dust contamination. An 

advantage of the LBL method is that it allows control, at the nm scale, of the
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thickness of the film, its interfaces and its architecture. Unless otherwise 

stated the thin films used in this report all consist of 10 bi-layers of PDDA and 

CdTe.

Water bath

lids

CdTe
suspension

Substrate 
resting position

PDDA
solution

Figure 3.4: The automated LBL process

3.3 Spectroscopy

Absorbance and emission spectra were recorded using a Perkin Elmer 

lambda 7 Ultra Violet-Visual (UV-Vis) spectrometer and a Varian Cary Eclipse 

spectrophotometer using an excitation beam with a wavelength of 365nm. 

Raw data was extracted from the spectrometers and Microsoft excel was 

used to plot all graphs.
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3.4 Microscopy

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) 

images were recorded on a Digital Instruments Dimension 3000 in tapping 

mode and a Schottky Field Emission Gun Philips XL30 respectively.
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4 Dilution and Deposition of 
Nanoparticles

4.1 Introduction

When nanoparticles are synthesized using wet chemical methods(1-3) the 

end product is often a concentrated suspension. Whatever the intended 

application, the suspension will need to be processed in some way. This 

Chapter looks at the simplest of processing techniques; namely the dilution of 

the suspension and the deposition of the nanoparticles to create a thin film.

Dollefeld et al{4) reported an interesting phenomenon when diluting a 

suspension of nanoparticles. Investigating the stability of CdS nanoparticles 

capped with various thiols they found that when the same nanoparticles were 

placed in suspensions of different concentrations the nanoparticles in more 

dilute suspensions appeared to have smaller sizes and decay of the particles 

occurred. The size of the nanoparticle was estimated using both analytical 

ultracentrifuge (AUC) measurements and absorbance spectra. A 150pmolL"1 

suspension of CdS particles had an average size of approximately 1.7nm 

measured by AUC whilst a 10 pmolL'1 suspension of the same particles 

showed an average particle size of 1.3nm when measured by the same 

technique. Dollefeld et al concluded that at lower concentrations the thiol 

capping layer desorbed from the nanoparticle. Removing the thiol shell 

decreases the size of the nanoparticle thus shifts the wavelength of 

absorbance to higher energy (see Section 2.3) (4,5). In Section 4.3.1 

analogous experiments are conducted using CdTe nanoparticles capped with
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TGA and similar results are found. We expand on the current research by 

looking at samples with two different solvents. Both water and chloroform 

based suspensions show a wavelength shift with dilution. An attempt is also 

made to re-concentrate the diluted samples.

The LBL technique, discussed more fully in Chapter 5, is a popular 

technique for producing thin films of nanoparticles by deposition from their 

suspension. Here, LBL is used to monitor how the photoluminescence of the 

nanoparticles change as they are deposited from a suspension to form a thin 

film.

Vossmeyer et a/(6) were the first to report a red-shift in absorbance 

spectra when a thin film is deposited from suspension. They found a low 

energy shift in the 1s-1s absorbance band of a spin-coated thin film. 

However, when the suspension was re-dissolved the spectra returned to its 

original position. Vossmeyer et al attributed this observation to an increased 

electronic interaction between the nanoparticles. In Vossmeyer's thin film he 

postulates that the nanoparticles are homogenous in size and the inter­

particle distance is in the order of angstroms. In this scenario the 

nanoparticles can form collective excitation modes, similar to the energy 

bands of bulk semiconductors. Artemyev et a/(7) compared isolated 

nanoparticles with close packed nanoparticles and explained the resulting 

red-shift by the formation of collective electronic states. However, in 2001 

Dollefeld et a/(8) conducted a numerical study of the interactions between 

semiconductor particles in close contact, they concluded that both electronic 

interactions and dipole-dipole coupling contribute to the shift seen by 

Vossmeyer. In a later paper(9) the same researchers further investigated the
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dipole-dipole interaction and concluded that it is the main cause of the red- 

shift.

Vossmeyer, Dollefeld and Artemyev all used monodisperse 

nanoparticles but a similar effect has been seen in films of mixed size 

particles. Kagan et a/(5) looked at close packed nanoparticle solids made 

from a mixture of 82% small (3.85nm) and 18% large (6.2nm) CdSe 

nanoparticles. They found a large increase in the ratio of emission from the 

large to small particles when converted from a suspension to a mixed solid 

and attribute this to long range resonant interactions.

Although Kagan's paper is an extreme example it is an important 

observation since the nanoparticles used in suspension throughout this report 

have a size distribution (see Section 2.6) and are not truly monodisperse. 

Both theories of collective electronic states and dipole-dipole interactions 

require the nanoparticles to be in close contact for a red-shift or broadening to 

occur. Thus we focus on inter-particle distance as we expand the above work 

to look at further photoluminescence changes as the LBL thin film develops. 

In this Chapter we observe a red-shift in photoluminescence as a thin film is 

deposited from suspension. A further red-shift is seen as the number of 

layers in the thin film is increased. To explain these observations and relate 

them to inter-particle distance a space filling deposition mechanism is 

proposed.
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4.2 Experimental

To investigate the effects of diluting suspensions, photoluminescence spectra 

of unused and undiluted suspensions were recorded; small (5pl -  50pl) 

sequential volumes of solvent (water or chloroform) were added and spectra 

were re-recorded after each addition. The original (as received from Dresden) 

suspensions were given a nominal concentration of 1 and subsequent 

concentrations were calculated by allowing for the volume of solvent added to 

the volume of the original suspension i.e. if 0.5ml of a suspension 

(concentration 1) was used and a total of 5ml of solvent was added the end 

concentration would be 500/5500 = 0.09 a.u..

One of the suspensions used in this Section is a chloroform based 

suspension of CdTe nanoparticles. The nanoparticles are capped with 

TOPO, the structure of which can be seen in Figure 4.1.

p

Figure 4.1 Structure of TOPO

UV-Vis absorbance spectra were recorded using a Perkin-Elmer 

lambda 7 UV-Vis spectrometer in absorbance mode.
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4.3 Results and Discussion
4.3.1 Dilution of Suspensions

The addition of solvents to suspensions of CdTe nanoparticles caused 

changes in the photoluminescence spectra. Both water-based and 

chloroform-based suspensions have been diluted and attempts have been 

made to re-concentrate samples after dilution.

In the first example a suspension of TGA capped nanoparticles was 

used so the solvent required was water. As water was added to the 

suspension the wavelength of the photoluminescence peak maximum showed 

a shift to shorter wavelengths. Higher energy emission may indicate a smaller 

particle size(10). The shift was linear and can be seen in Figure 4.2. The 

wavelength of the peak maximum at concentration 1 is 557 nm but at 

concentration 0.17 has shifted to 550 nm. In several places in Figure 4.2 the 

wavelength of the peak maximum seems to show a spread or a plateau at a 

certain wavelength e.g. five spectra show a wavelength of 557nm. This is 

because the spectrometer detects emission intensity at 1.03nm increments 

thus only a finite number of readings are possible.

UV-Vis absorption measurements (not shown) were also taken before 

and after diluting a suspension. A shift to higher energy wavelengths 

occurred when the suspension was diluted mirroring the results of the 

photoluminescence spectra.
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Figure 4.2 Change in the photoluminescence peak maximum as a suspension 

of TGA capped CdTe nanoparticles is diluted

The same result was seen in other suspensions of CdTe, Figure 4.3 

shows two other water-based suspensions. Each of the suspensions showed 

a different gradient of transition but all had the same general trend. The 

wavelength shift is therefore not an anomaly of one particular suspension.
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Figure 4.3 Change in the photoluminescence peak maximum as two further 

water based suspensions of CdTe nanoparticles are diluted.

A chloroform based suspension of CdTe nanoparticles was diluted and 

again showed a photoluminescence blue-shift with dilution. Figure 4.4 shows 

the results from the chloroform suspension. At concentration 1 the 

wavelength of the peak maximum is 591 nm after dilution to concentration 0.07 

this has changed to 585nm. The nanoparticles in the chloroform sample are 

capped with TOPO. The shifts seen are therefore also not an anomaly of the 

TGA/water based suspensions.
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Figure 4.4 Spectral change when a chloroform based suspension of CdTe 

nanoparticles is diluted

A look at the actual photoluminescence spectra for diluted and 

undiluted suspensions shows a change in the peak shape. The spectrum of 

an undiluted suspension has a left-skewed distribution but this tends to a 

Gaussian distribution as the concentration is decreased (Fig. 4.5). The left 

shoulder (high-energy) of a photoluminescence spectrum represents the 

energy emitted from smaller nanoparticles. In Figure 4.5 the diluted spectrum 

displays a higher emission intensity at shorter wavelengths than concentration 

1; this shows that the emission from smaller nanoparticles has increased. 

Stronger high-energy emission would occur if the number of smaller 

nanoparticles increased i.e. the nanoparticles in the sample are becoming 

smaller, or the energy transitions between the nanoparticles, i.e. dipole-dipole 

interactions, became weaker. The low-energy shoulder of the spectra
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changes little from one concentration to another, indicating that the 

contribution from larger nanoparticles is less affected. In a numerical 

representation of this the FWHM increases from 56nm at concentration 1 to 

60nm at concentration 0.04. An increase in FWHM reveals a broadening of 

the size dispersion of the suspension.

>, 400 0.625

£  200

Wavelength /nm

Figure 4.5 The photoluminescence spectra of the same suspension with three 

different concentrations

FWHM data for each of the suspensions discussed above are given in 

table 4.1. All suspensions show an increase in FWHM as the concentration is 

decreased.
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Table 4.1 Summary of FWHM for various concentrations and suspensions

Suspension Concentration FWHM

Green Triangles 

(Fig. 4.2)

1 36 nm

0.55 36 nm

0.17 39 nm

Pink Squares 

(Fig. 4.3)

1 57 nm

0.625 57 nm

0.04 60 nm

Blue Diamonds 

(Fig. 4.3)

1 53 nm

0.55 56 nm

0.1 58 nm

Chloroform Sample 

(Fig. 4.4)

1 56nm

0.5 58nm

0.07 59nm

A blue-shift in the peak maximum as seen in Figures 4.2 to 4.4 

suggests a decrease in particle size, since smaller particles will emit with 

higher energy luminescence(IO). An increase in FWHM shows the detected 

emission is from a wider range of nanoparticle sizes. Again, this could be due 

to some of the nanoparticles decreasing in size.

Dollefeld et a/(4) noticed a decrease in particle size when suspensions 

of thiol capped CdS nanoparticles were diluted. They attributed this decrease 

to the removal of the thiol capping layer from the nanoparticle surface. It is 

likely the same effect is being seen here. A desorbing capping layer could 

also explain the change in shape of the photoluminescence spectra. A bigger 

particle has a larger surface area, so if the thiol desorbs from all sites at the 

same rate it will take a longer period of time to desorb the same percentage of 

capping layer from a larger particle a tail would then appear on the high 

energy side of the spectrum. If the TGA capping layer is desorbing from the



nanoparticle surface we would also expect to see a loss in luminescence 

intensity as trap states formed on the surface of the nanoparticles. The 

nanoparticles would begin to agglomerate. Agglomeration was not observed 

in our samples because the diluted suspensions were not monitored over a 

prolonged period of time. However, in 2006 Boldt et a/( 11) investigated the 

stability of CdTe nanoparticles capped with TGA in various buffers, including 

water, and recorded an intensity deterioration over one week.

The TOPO capped nanoparticles (Fig. 4.4) showed the same trend as 

the TGA capped samples. TOPO binds to the nanoparticles through an 

oxygen lone pair forming a CdO bond this is a stronger bond than the CdS 

bond in the thiol capped sample(12). In ligand exchange reactions TOPO can 

not be completely removed from the surface of the nanoparticle. Kim et al( 13) 

reported that 11% of TOPO remained after a ligand exchange reaction with 

pyridine involving refluxing at 60°C for up to 15 hours. It is therefore unlikely 

that by simply diluting the suspension we are removing the entire TOPO 

capping layer. The trend seen in Figure 4.3 does support the findings by 

Dollefeld et a/(4) but also suggests that a secondary cause may be present.

As a suspension is diluted the ratio of solvent to particles increases. 

Although the position of the nanoparticles will be constantly changing (due to 

Brownian motion) if the particles remain dispersed the extra solvent will mean 

an increase in the average distance between particles. As we saw in Section 

4.1 the distance between particles affects their energy interaction. Diluting 

the suspension and increasing the inter-particle distance would have the 

opposite effect to the deposition experiment observed by Vossmeyer(6).
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Figure 4.6: A diluted and re-concentrated suspension.

After dilution and measurement the chloroform based suspension was 

left to evaporate in a controlled environment. The photoluminescence 

spectrum was then re-measured and is shown in Figure 4.6. The wavelength 

of the peak maximum can be seen to shift from 591 nm at the beginning of the 

experiment to 585nm when diluted and finally to 597nm when re­

concentrated. If the shifts in wavelength seen in Figures 4.2 to 4.4 were 

solely due to a decrease in particle size as a result of the desorption of 

capping layer molecules, the shift seen on re-concentration would suggest an 

increase in particle size due to adsorption of the same molecules. Since the 

wavelength shifts to beyond that of the original, undiluted, sample it is difficult 

to see how adsorption could be the only cause. There is no more or less 

TOPO in the re-concentrated sample than in the original suspension. The
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TOPO has also not formed a better arrangement of capping shell as if the 

original nanoparticles did not have a complete layer of TOPO capping they 

would not be stable. The inter-particle distance however, does change. Re­

concentration removes the excess solvent between particles allowing stronger 

energy interactions. The effects of inter-particle distance are looked in more 

detail in the next Section.

4.3.2 Deposition of a Thin Film of Nanoparticles

Deposition of CdTe nanoparticles as thin films caused a change in their 

luminescence; on deposition of a single layer (Fig. 4.7) the 

photoluminescence peak maximum shifted from 639nm as a suspension to 

644nm as a thin film. Again, there is little change in the low-energy tail of the 

spectra but a more pronounced change in the high-energy tail. Here, the 

emission from the smaller nanoparticles is reduced and the FWHM is also 

reduced from 56nm as a suspension to 47nm as a thin film. The effect is 

similar to that seen by Vossmeyer(6) and other researchers(7,9) discussed in 

Section 4.1. The physical constraints inflicted by the substrate and binding 

polymer hold the nanoparticles closer together in a thin film than they have 

been in a suspension. Reduction of the inter-particle distance facilitates 

energy transfer from small to large nanoparticles resulting in enhanced 

luminescence from the larger dots and quenched luminescence from the 

smaller nanoparticles.

Zhang et al{ 14) observed a similar red-shift in wavelength and a 

reduction of the FWHM when conducting a low temperature study of 

CdSe/ZnSe nanoparticles. Using cathodoluminescence Zhang et at were
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able to resolve the luminescence spectra and reported that there was a 

simultaneous increase in emission from larger particles and decrease in 

emission from smaller particles.
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Figure 4.7 The change in photoluminescence as a suspension of 

nanoparticles is deposited by the LBL method

To expand on the previously published work characterisation was 

continued as multi-layers were produced allowing a per layer analysis. Figure 

4.8 shows that the red-shift seen during the deposition of a single layer is 

enhanced when the number of layers is increased. Here, a single layer thin 

film shows a peak maximum of 628nm but a 10 layer thin film shows a peak 

maximum of 643nm. In a single layer thin film nanoparticles are within a few 

angstroms of each other in two dimensions, in multilayer thin films 

nanoparticles are within a few angstroms of each other in three dimensions.
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The number of potential inter-particle interactions is therefore substantially 

increased and it is not surprising that a further red-shift is seen.

« 1 0  layers 
♦  Single layer

605 625

Wavelength/ nm
645565 585 665545

Figure 4.8 Photoluminescence spectra of a single layer and a 10 layer thin 

film

Three-dimensional interaction between nanoparticles can also be seen 

in a publication by Li et al( 15) who embedded CdTe nanoparticles in a 

temperature sensitive smart polymer. Poly(N-isopropylacrylamide) (PNIPAM) 

is a thermoresponsive polymer thus will change shape as it is heated. At the 

low temperature state the nanoparticles embedded in the polymer show 

homogenous distribution. As the temperature is increased and

conformational changes take place the distribution of the nanoparticles is 

disrupted leading to the formation of areas of high nanoparticle density. In 

these areas the nanoparticles are much closer together than in the low
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temperature state. Li et a/( 15) observed a red-shift in photoluminescence on 

heating the sample.

10 15

Number of Layers

Figure 4.9: The peak maximum wavelength change in thin films of various 

thicknesses

Figure 4.9 shows the change in wavelength of emission for thin films 

with different numbers of layers. Two distinct shift patterns are seen. The 

spectra show a red-shift as the number of layers is increased. First, a large 

shift from 620nm to 638nm is seen; as the change from single layer to double 

layer is made. Then further layer depositions produce a more gradual 

change, reaching 646 nm after 20 layers have been deposited. I propose that 

the initial increase is due to a change from 2d to 3d interaction whilst the more 

gradual increase is due to space filling within the layers. Space filling can 

occur as follows. The CdTe nanoparticles used in this report have an average 

size of ~4nm but within the suspension there is size variation.
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Photoluminescence spectra of the suspensions typically have a FWHM of 

~50nm (as can be seen in Figure 4.7 and Section 2.6) this can be a 

representation of the size dispersion but can also indicate the presence of 

trap states. Each layer deposited adds nanoparticles of all sizes to the 

developing thin film. Repeated depositions allow smaller nanoparticles to 

“space-fill” in the layers below. As the number of bi-layers in a thin film 

increases the spaces within the layers become filled and more particles are 

within inter-particle interaction range. Energy is transferred from smaller to 

larger nanoparticles resulting in lower energy luminescence. Figure 4.10 

shows a proposed mechanism for the space filling deposition. Support for this 

mechanism comes from a study by Abu-Sharkh(16) who conducted a 

molecular dynamic simulation into the formation of polyelectrolyte multilayers 

and found the structure of layers to be "fuzzy" with molecules experiencing a 

high degree of interpenetration.

1

1

Figure 4.10: Proposed space filling mechanism, nanoparticles of all sizes are 

deposited and as the number of layers increases smaller particles fill 

vacancies in the lower packing levels
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4.4 Conclusions

Dilution of suspensions of both TGA and TOPO capped CdTe nanoparticles 

showed a blue-shift in photoluminescence spectra as the suspension was 

diluted. This is in agreement with previous literature and is likely to be due to 

the thiol capping layer desorbing at lower concentrations creating a reduced 

effective particle size. However, re-concentration of the suspension showed a 

red-shift beyond the original position of the undiluted sample. This suggests 

that the distance between particles also plays a contributing role in 

determining the photoluminescent wavelength. Deposition of a suspension as 

a thin film shows a photoluminescence red-shift and a decrease in FWHM. 

Again this is in agreement with previous literature. Depositing the 

nanoparticles places them into a close packed environment reducing the inter­

particle distance to within a few angstroms. This facilitates dipole-dipole 

interactions between the particles or allows the establishment of collective 

electronic states resulting in selective emission from the larger particles. As 

the thin film is further developed a further increase in emission wavelength is 

seen. The first 1-5 layers of the thin film show the greatest 

photoluminescence change. After this, the red-shift is reduced and 

presumably eventually stabilizes. These further changes in 

photoluminescence may again be due to nanoparticles being constrained to 

close-packed environments. As the number of layers in a thin film is 

increased the nanoparticles change from a 2d to a 3d environment. Each 

layer deposition adds nanoparticles through a space-filling technique 

increasing the number of nanoparticles within interaction distance of each 

other.
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5 Layer-by-layer Deposition of CdTe 
Nanoparticles

5.11ntroduction

Applications such as NLEDs (see Section 2.5.2) require nanoparticles to be in 

a thin film form. For aqueous suspensions of cadmium chalcogenide 

nanoparticles a popular method of producing these thin films is by an 

electrostatic LBL deposition technique. The LBL method is popular because it 

is simple, can be easily automated and doesn’t require expensive equipment 

or processing steps. The technique also allows a high degree of control over 

the thin film composition this is important as the quality of the thin film is likely 

to affect the performance of its application(l) and monolayer coverage is 

usually preferred to agglomerated thin films. For a general introduction to the 

LBL technique please see Section 2.7.4.

In this Chapter I will show CdTe nanoparticles being deposited using 

the LBL technique. Thin films of CdTe nanoparticles and three different 

polyelectrolytes are produced. Analysis of the different films shows that the 

chosen polyelectrolyte controls the thickness and roughness of the thin film 

produced. Finally, I look at the mechanics of the deposition process, how the 

thin film is formed, this leads to conclusions about how the LBL technique can 

be optimised for a particular nanoparticle-polyelectrolyte system.

A wide range of materials have been incorporated into LBL produced 

thin films, recent examples include: carbon nanotubes(2), gold

nanoparticles(3), magnetic nanoparticles(4), DNA(5) and haemoglobin(6).
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Applications of LBL produced thin films are also varied and include drug 

screening(7), thin film transistors(8) and gas sensors(9). Tang et a/( 10) 

provide an excellent review of the biomedical applications of the LBL 

technique.

Figure 5.1 is a schematic of the deposition process used most 

throughout this report. The cleaned glass substrate has a small negative 

charge as the surface contains SiOH molecules. PDDA is used as the first 

polyelectrolyte and CdTe nanoparticles are used in place of the second.

giass
substrate

polymer nanoparticles

mm»

CdTtf Watef

Figure 5.1: The layer-by-layer deposition process. PDDA is the most 

commonly used polyelectrolyte used throughout this thesis.

Kotov et al( 11) were the first to report the use of the LBL technique 

with semiconductor nanoparticles and demonstrated the versatility of the 

technique by using a variety of nanoparticles and substrates. They found the
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polyelectrolyte (PDDA) was able to form stable layers on quartz, glass, gold 

and platinum. Many applications of semiconductor nanoparticles require them 

to be in thin film form and the LBL technique provides a successful method of 

producing these thin films. Bertoni et a/(1) investigated thin film 

electroluminescent devices and found the structure of the layering to be 

critically important to the emissive efficiency. Improved uniformity and 

homogeneity of the nanocrystal multilayer led to reduction of the current 

leakage through structural defects. Likewise, in photovoltaic research an 

important consideration is how to remove the generated charge carriers after 

absorption of a photon and before unwanted recombination can occur. 

Electrons need a clear, barrier-free, path to an electrode. Whilst 

nanoparticles will always have “grain boundaries” in the form of the edge of 

the nanoparticle the electron pathway would be better achieved if the film was 

in a close packed form. Breaks in the consistency of the film would increase 

the recombination sites, reducing the efficiency of the photovoltaic device(12).

Understanding how a thin film is formed is crucial to controlling the LBL 

process. Balancing the attractive forces, between the nanoparticles and 

polyelectrolyte, with the repulsive forces, between two nanoparticles, is an 

important step. If the nanoparticle-polyelectrolyte attraction is too strong 

clustering of the nanoparticles will occur because more than a single layer of 

particles will be deposited simultaneously. If the nanoparticle-nanoparticle 

repulsion is too strong a low particle density film will form(13). To produce 

good quality thin films it is also important to understand the arrangement 

within the thin film. Several studies discuss mixing of layers. When 

investigating CdSe and PPV thin films Gao et al used x-ray reflectivity studies
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and found that the thin film did not have true bi-layers of polymer and 

nanoparticle. Instead, the film was more like a homogeneous mixture of 

polymer and CdSe(14,15). Castelnovo(16) and Abu-Sharkh(17) have made 

similar observations in theoretical studies of thin films made from just 

polymers.

However, these static measurements do not give enough insight into 

LBL, as self-assembly is a kinetic process. In this Chapter optical waveguide 

lightmode spectroscopy (OWLS) is used to monitor the thin film growth. Real­

time measurements are used to record the entire deposition process. The 

OWLS technique allows in-situ monitoring with sub-nanometre resolution 

providing a clearer picture of both structure and kinetics than seen by any 

other technique. OWLS is a relatively new spectroscopy but is rapidly 

becoming more widely used. Kurrat(18) provides a good introduction. The 

technique was primarily used to measure biomolecule adsorption(19) but has 

recently been used to measure the deposition of polyelectrolyte 

multilayers(20).

To summarise, many applications of semiconductor nanoparticles 

require them to be in a thin film form. The LBL method allows cheap and 

easy production of these thin films. The quality of a thin film is vital to its 

function if efficiency of the device is required. To improve the quality of a thin 

film an understanding of the deposition process is needed. Static 

measurements can provide information on the structure of the completed thin 

film. However, OWLS can provide real-time in-situ data of the whole 

deposition process. In Section 5.3.1 thin films made with different polymers
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are used to gain information on the layer thickness and functionality and in 

Section 5.3.2 OWLS is used to monitor an 8-layer deposition.

5.2 Experimental

All the nanoparticles used in this Section were capped in TGA which is 

negatively charged; therefore, to provide opposite charge for electrostatic 

interaction a cationic polymer was needed. Thin films were fabricated from 

three different polymers. PDDA 20w% in water with molecular weight 

200,000 - 350,000 and Polyethylenimine (PEI) 50w% with average molecular 

weight 750,000 were obtained from Aldrich and were dissolved in a 0.2M 

NaCI buffer to a concentration of 5mg/ml before use. Poly-L-Lyseine (PLL) 

0.01 w% in water Mw 150,000 - 300,000 was obtained from Sigma and was 

used as provided.

Thickness measurements were made using a Taylor Hobson Talysurf 

Coherence Correlation Interferometer 6000 also known as a white light 

interferometer (WLI). To measure the total film thickness a scratch was made 

through the sample exposing bare substrate. The Taylor Hobson software 

allows an average step height measurement to be calculated between two 

areas. Thus by selecting an area within the scratch and an area of the top of 

the film an accurate step height measurement can be obtained (Fig. 5.2). 

Because two areas are used, rather than just two points or a surface profile 

line, the calculation is an average of all the height differences between the two 

areas. This means greater amounts of data have been used. Any anomalous 

data resulting from individual points of surface roughness will be lost in the
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average and the measurement becomes more accurate. Figure 5.2a shows a 

10 layer PDDA thin film being measured in this way and Figure 5.2b shows a 

10 layer PEI film undergoing the same process. The blue areas marked area 

2 in each image are areas within the scratch, area 1 is the top of the thin film 

surface.

Zmsafi^S) - Zmear<1): -26.8 ftm

Figure 5.2: 10 layer thin films of a) CdTe and PDDA and b) CdTe and PEi 

undergoing a scratch test average step height measurement. Step heights 

are a) 26.8nm and b) 48.7nm.

An AFM was used to measure the roughness of the film surface. To 

ensure a representative sample was analysed a 2pm2 area of the thin film 

surface was scanned and a roughness average recorded. The root mean 

square has been calculated.
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Figure:5.3 Schematic of how OWLS works. Adapted from Horvath et al (19).

To gain real-time in-situ data of the deposition process OWLS was 

used. Figure 5.3 shows a schematic of how OWLS works. A laser beam, 

usually He-Ne, is targeted at a waveguide before being collected by a 

detector. The waveguide consists of a thick substrate topped with a thin film 

of higher refractive index. A curvette on top of the waveguide allows the 

addition of the various solutions. Layers of PDDA and CdTe can then form on 

the surface of the waveguide. The incoming light beam undergoes total 

internal reflection, within the high refractive index coating at the interfaces with 

the substrate and developing thin film. The waveguide is very sensitive to 

changes in the adsorbed layer(21,22).

The OWLS experimental apparatus was built(23) and operated by Dr. 

Robert Horvath(24). Adsorption of monolayers could be measured in-situ and 

in real time. OWLS works by detecting a laser beam that is guided through a
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developing thin film. Since the laser beam used had a wavelength of 633nm 

and nanoparticles used elsewhere in this report emit photoluminescence very 

close to this wavelength it was possible the nanoparticles would emit 

luminescence that would interfere with the measurement process by creating 

duplicate signals to the detector. To eliminate any potential problems and 

ensure our measurements were valid smaller nanoparticles, which emit at 

~548nm, were used for these experiments. Absorbance and 

photoluminescence spectra of this batch of nanoparticles are shown in Figure 

5.4. These nanoparticles do not show any luminescence at 630nm. The 

absorbance spectrum shows a baseline has been reached at ~575nm. The 

baseline has an absorbance intensity of 0.042 this is likely to be due 

scattering of light by the particles and is not truly absorption. This batch of 

nanoparticles were therefore suitable for use with the OWLS technique.
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Figure 5.4: Absorbance and photoluminescence spectra of the suspension of 

nanoparticles used throughout Section 5.3.2.

As the aim of the OWLS experiments was to mimic as much as 

possible the current (Section 3.2) LBL process the length of time that the 

substrate was exposed to PDDA, CdTe and washing solutions was kept the 

same. In the laboratory LBL the PDDA and CdTe are contained in beakers 

and are stationary, only the washing step involves the solution flowing. 

However, in the OWLS experiment a flow rate is necessary as the solution 

must be passed over the waveguide and the volume of fluid above the thin 

film surface is smaller than in the beaker. A slow flow rate of 0.1ml/min was 

chosen as this represents a compromise between mimicking the laboratory 

process and ensuring there is not a depletion of polymer or nanoparticles.

First, deionised water was allowed to run through the system until a 

stable baseline was detected. PDDA was then passed through the 

waveguide at a flow rate of 0.1ml/min for 20 minutes. A short washing stage
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of 2 minutes with deionised water was followed by 20 minutes of CdTe flow 

before a final washing step. The procedure was repeated to allow build-up of 

multiple bi-layers.

From the raw data (processed by Dr R. Horvath) optical mass (Q) 

could be calculated(25). Optical mass is proportional to the physical mass 

deposited per unit area. Using this value and the equation Q = dA (nA - nc) 

where nA is the refractive index of the growing film and nc is the refractive 

index of the solution covering the film the actual thickness of the layer {dA) 

could also be calculated(25). Due to the anisotropy of the film dA 

measurements for small numbers of bi-layers can be inaccurate(25) thus the 

only values used in this report are for thicker films.

5.3 Results and Discussion

5.3.1 Layer-by-layer with Different Polymers

Three different cationic polymers, PDDA, PLL and PEI were used for LBL 

production of thin films. Figure 5.5 shows the change in photoluminescence 

as the number of layers in each of these thin films is increased. All of the thin 

films show the same general trend seen in Section 4.3.2, the wavelength of 

the peak maximum shifts to the red as the number of layers is increased. The 

three different polymers have single layer thin films with very similar 

wavelengths 626nm or 627nm but as the number of layers increases 

differences between the films begin to show. The PEI thin films show higher 

energy luminescence than the other polymers, a 10 layer PEI thin film has a
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wavelength of 636nm whereas the same film made with PDDA shows a 

photoluminescence peak maximum of 646nm. Thin films made with PEI show 

a lesser change in wavelength as the number of layers is increased. If the 

shifts in wavelength were due to greater inter-particle interaction (Section

4.3.2) this would suggest that the nanoparticles in the PEI film are less closely 

packed than in a PDDA thin film.
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Figure 5.5: The change in peak maximum wavelength as the number of layers 

is increased for three thin films.

A WLI was used to measure the thickness of the two most different 

LBL produced thin films. An average step height was calculated between the 

bare substrate and the top of the nanoparticle-polyelectrolyte film. The 

thickness of various films can be seen in table 5.1. Thin films formed with PEI
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showed a much larger thickness than PDDA thin films. A 10 layer PEI thin 

film had a thickness of 53.4nm more than double that of a PDDA film, 26.3nm, 

with the same number of layers. The polymer used therefore changes the 

thickness of the thin film. An increase in thickness could be caused by more 

nanoparticles being deposited or by less order within the layer.

Table 5.1: Average step-height measurements for various thin films, numbers 

in bold indicate an average of all the thin films measured.

Polymer Number of 

Layers

Step Height 

/nm

Thickness per 

layer /nm

PEI 10 56.4 5.64

53.8 5.38

50.2 5.02

53.4 5.34

PDDA 10 23.6 2.36

28.6 2.86

26.8 2.68

26.3 2.63

PDDA 20 48.7 2.435

49.4 2.47

52.3 2.615

50.1 2.5
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If more particles were being deposited the inter-particle distance would 

be reduced and a red-shift in photoluminescence between the two polymer 

systems would be seen. However, as we saw in Figure 5.2, this is not the 

case - in fact the opposite occurs. PEI thin films have thicker layers but are 

blue-shifted with respect to the PDDA thin films. Less order within the layer 

would explain both the photoluminescence trend and the increased thickness. 

A disordered thin film would have a lower packing density so less opportunity 

of interactions between the nanoparticles. Schwartz et al{26) also compared 

thin films made from PDDA and PEI using surface plasmon resonance and 

found the films containing PEI were significantly thicker supporting the 

findings presented here. Tang et al{ 13) investigated the roughness of various 

thin films by measuring the rms of several samples (the rms is commonly 

used as a measure of roughness for surfaces measured by AFM as it allows 

for both positive and negative variance in the surface height). They found PEI 

films had a significantly higher rms than PDDA thin films. Tang explains this 

by a proposed clustering mechanism. PEI is a weaker polyelectrolyte than 

PDDA. This means the nanoparticles-PEI and PEI-substrate connections are 

more labile, once nanoparticles have been deposited PEI is able to rearrange 

on the substrate surface to accommodate more nanoparticles. This results in 

clusters of nanoparticles being deposited rather than a monolayer. This 

would explain the increased roughness and the increased thickness. 

Although a different substrate, different nanoparticles and a different 

measurement technique have been used here it is likely we are seeing a 

similar effect.
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The WLI thickness measurements were performed on both 10 and 20 

layer PDDA thin films (Table 5.1). Samples with a smaller number of layers 

proved too thin to be measured accurately by this technique. 10 layer thin 

films showed an average thickness of 26.3nm or 2.63nm per layer and 20 

layer thin films showed an average of 50.1nm or 2.5nm per layer. This data 

suggests the per-layer thickness is stable throughout the thin film thus 

deposition is linear. Other researchers(11,27) have also found the LBL 

adsorption of polyelectrolyte and nanoparticles produces linear deposition. 

The results presented here therefore show good agreement with the literature.

The average nanoparticle diameter is 3-4nm(28) and the per-layer 

thickness is therefore in good correlation with this. The fact that the average 

per-layer thickness found here is slightly smaller than the nanoparticle 

diameter adds support to the space filling mechanism presented in Section 

4.3.2. and is a similar finding to that of Lesser et al(29). Bertoni et a/( 1) 

reported that thin films produced in this way would have a packing density of 

27% and Gao et a/( 14) produced similar data to find a packing density of 23%.

5.3.2 Real Time Measurements of Layer-by-layer Deposition

To gain an insight into the LBL process OWLS was used to monitor an 8 layer 

deposition process. Figure 5.6a shows changes in optical mass (see Section

5.2) during the whole of the deposition process and Figure 5.6b shows an 

enlargement of the deposition of the first layer. Initially a base-line of water 

was established to allow stabilisation of the system. PDDA was added at 

point a and optical mass showed an increase to 0.1 nm over 4.5 minutes. This
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showed the PDDA was being successfully adsorbed onto the surface of the 

waveguide. The PDDA flow was maintained for 20 minutes but optical mass 

remained constant at ~0.1nm. As a monolayer of PDDA had already been 

formed repulsive electrostatic charges prevented more polymer from being 

deposited. A two-minute washing solution of deionised water was introduced 

at point b and optical mass showed a small decrease. Excess PDDA was 

now being washed from the surface of the waveguide. At point c the CdTe 

nanoparticle suspension was introduced to the waveguide and optical mass 

showed an increase indicating nanoparticles were being deposited. A second 

washing stage took place at point d and resulted in a rapid drop in optical 

mass. Deposition of the second layer was started at point e by a switch back 

to the PDDA solution.
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Figure 5.6a: A plot of optical mass versus time for the deposition of 8 layers of 

PDDA and CdTe. The numbers denote the various deposition stages as 

explained in the text.

84



d  Water

Water

Water b

PDDA

CdTe

a  PDDA

Figure 5.6b: An enlargement of the area inside the red box in Fig. 5.6a, 

starting points of various solutions are highlighted.

As can be seen in Figure 5.6a the change in optical mass for each future 

layer is almost identical. The observed deposition can be split into 4 stages. 

Stage 1 starts with the introduction of the nanoparticle suspension. As the 

suspension reaches the waveguide there is a rapid increase in optical mass. 

Nanoparticles are faced with a complete surface of charged polymer and are 

able to adsorb very quickly. After ~11 minutes this rapid increase gives way 

to a more gradual increase, highlighted as stage 2. Here the nanoparticles 

have already covered most of the surface and are now limited to few potential 

adsorption sites. Nanoparticles deposited in stage 1 are strongly bound to the 

thin film surface as they have multiple interactions with the polymer.
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However, particles deposited in stage 2 are only loosely bound to the surface 

as the interaction is less. Figure 5.7 is a schematic of these interactions.

Stage 1 Stage 2

nanoparticle
interaction

Figure 5.7: A schematic of strongly and loosely bound nanoparticles. The 

particles on the left have many interactions with the polymer thus are strongly 

bound. Whereas the additional particles on the right have fewer interactions 

so are only loosely bound.

Stage 3 is a washing stage. Here, the washing solution, in this case 

water, removes excess nanoparticles from the surface. The particles that are 

only loosely bound, from stage 2, are now removed, but strongly bound 

particles remain. PDDA addition marks the start of stage 4. The PDDA 

continues to have a washing effect as can been seen by the decreasing 

optical mass. For example at point e in Figure 5.6b optical mass decreases 

from 0.6nm to 0.5nm over a twenty minute time period. It appears excess 

nanoparticles are still being removed. It is also possible that rearrangement of 

the nanoparticles and polymer occurs at this stage(30). Although the optical 

mass decreases in stage 4 PDDA is still being deposited. If there was no
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PDDA deposition during this period a second layer of nanoparticles would not 

be able to adsorb since the like electrostatic charges of the already deposited 

nanoparticles would repel further deposition. Figure 5.8 shows a schematic of 

the deposition process split into the different stages outlined above.

PDDA

CdTe

Figure 5.8: A schematic of the proposed mechanism for deposition of 

polymer and nanoparticles. The various stages outlined in the text are 

numbered.
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Deposition of multiple layers resulted in a consistent pattern in the optical 

mass data. Each layer produced the same 4-stages outlined above. The 

repeatability shows the validity of the OWLS technique.

Figure 5.9 shows the cumulative optical mass values at the end of stage 3 

for each of the layers deposited. A linear trend is seen which is consistent 

with both the body of literature(11,27) and the static WLI observations 

presented in Section 5.3.1. The actual thickness of the layer (dA) as 

measured by OWLS is 21.04nm at the end of the seventh layer. This is a per- 

layer thickness of 3nm which is again consistent with the literature(1,14,29) 

and the WLI measurements. These consistencies further validate the OWLS 

data.

y =  0.3415x +  0.3543 

R2 =  0.9956

Layer number

Figure 5.9: Cumulative optical mass after deposition of layers.

In Figure 5.6 during the first layer deposition a saturation of PDDA 

adsorption occurred after 5 minutes of PDDA flow. In stage 4, prolonged



PDDA flow causes nanoparticles to be removed from the film. Likewise in 

each layer a saturation of nanoparticles is being reached at around 20 

minutes of deposition. It is important to be able to optimise the LBL process 

to ensure enough time for layers to form whilst avoiding making the process 

too time consuming. Kotov’s original nanoparticle LBL procedure involved a 

24 hour nanoparticle adsorption stage(11). The OWLS data suggests that in 

this case the process could be improved by shortening the PDDA deposition 

time. However, any reduction in the nanoparticles deposition time would 

reduce the quantity of nanoparticles adsorbed therefore reducing the quality 

of the thin film.

5.4 Conclusions

In this Chapter thin films have been produced with CdTe nanoparticles 

and three different polyelectrolytes, namely PDDA, PLL and PEI. All the thin 

films produced followed the deposition trends outlined in Section 4.3.2. i.e. 

emission was found to decrease in energy as the number of layers was 

increased. Spectroscopy and thickness analysis showed differences between 

the three polyelectrolyte systems. Thin films produced with PEI were thicker 

and showed blue-shifted emission. This indicates that PEI containing thin 

films are less ordered than their PLL and PDDA counterparts.

These static measurements also provide strong correlations with both the 

published literature and conclusions from the real-time data presented in 

Section 5.3.2. These consistencies add external validity to the OWLS data.
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I have shown that OWLS can be used as a quick and convenient in-situ, 

real-time analysis technique for monitoring LBL deposition. All the OWLS 

experiments presented here have been conducted in a normal laboratory 

environment, not in an isolated environment. Despite this, information on the 

packing, thickness and layer structure of the thin films has been obtained. 

Using the OWLS technique in this way allows researchers to make changes 

to their LBL process and immediately monitor the results. Thus OWLS 

becomes a rapid optimisation procedure for improving individual set-ups 

without the need to produce fully functional LBL thin films. The popularity of 

the LBL technique and its many applications can only increase with a better 

understanding of the deposition process.
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6 Heating and Cooling Suspensions 

and Thin Films

6.1 Introduction

In Chapters 4 and 5 nanoparticles have been studied as basic suspensions 

and thin films. For nanoparticles to be useful in any application it is important 

to understand how they may be affected by the environment they are faced 

with in that application. This Chapter looks at the effects of temperature 

changes on nanoparticles in both suspensions and thin films. A temperature 

increase from 293 to 358K results in a red-shift in the emission spectrum and 

a loss of photoluminescence intensity. Similar results are seen in both the 

thin film and suspension experiments.

Although colloidal nanoparticles are synthesized at temperatures 

between 523K and 673K and usually stored at 277K they often need to 

operate at ambient temperatures. It is therefore important to study their 

stability and optical properties at these temperatures. Temperature has been 

found to cause changes in the luminescence intensity and wavelength but this 

can be seen as either an advantage or a disadvantage depending on the 

application. Solar power has seen greatly increased usage in the last 

decade. The two countries with the highest number of solar cells are 

Germany and Japan. The highest average outside temperatures in these 

countries is 298K in Germany and 303K in Japan. However, the operating
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temperature of a solar cell is often significantly higher than the air temperature 

since the solar cell is placed in direct sunlight and to function needs to absorb 

the sunlight. Cadmium chalcogenide nanoparticles can be used in two 

different ways in photovoltaics. Nozik(1) proposed that nanoparticles could be 

used as co-sensitizing agents or additional absorbers in a dye-sensitized solar 

cell and Gallagher et a/(2) have shown how CdSe/ZnS nanoparticles can be 

used in a spectral converter (see Section 2.5.3). For either of these 

applications a small change in absorbance or photoluminescence wavelength 

would not be a concern but a loss of absorbance or photoluminescence 

intensity would affect the efficiency of the overall device. A large change in 

wavelength would also be detrimental to a spectral converter as it could shift 

the wavelength of the incident sunlight out of the optimum wavelength for the 

band gap of the attached solar cell. If the nanoparticles were unstable at 

temperatures within their operating range it would mean a decrease in the 

device lifetime, loss of efficiency or failure of the device.

However, Wang et a/(3) present a novel concept where a change in 

luminescence due to temperature is not only an advantage but is the 

functioning property of the application. Wang et al propose that CdTe 

nanoparticles can be used to measure small temperature changes accurately, 

precisely and remotely. For example coating the surface of a turbine blade 

with the nanoparticles could allow temperature imaging whilst the blade was 

operating to aid in the detection of defects or weaknesses. An alternative 

application would be biomedical thermometry where the nanoparticles could 

be used as in-vivo temperature probes to monitor patients with hypothermia.
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For applications where significant changes in luminescence would be a 

disadvantage developments could be made by looking at ways of preventing 

the nanoparticles from being affected by their operating temperature. Liu et 

a/(4) investigated the effects of changing the temperature of CdSe/ZnS core 

shell nanoparticles within the range of 280 -  315K. They found that 

nanoparticles with thinner ZnS shells were more sensitive to the changing 

temperature. This would suggest that by increasing the shell thickness 

nanoparticles may be able to be masked from the temperature changes thus 

are more suited to applications such as photovoltaics. Another potential way 

of screening the nanoparticles from environmental changes could be to look 

at the capping ligand. Wuister et a/(5) found the capping ligand played a part 

in temperature anti-quenching in CdSe nanoparticles. Several researchers 

have studied the effect of temperature changes on luminescence within a low 

temperature (2 -  230K) range. Within this range an increase in temperature 

is widely reported(5), (6)(7) to result in a decrease in quantum yield 

(temperature quenching) and an increase in lifetime-decay rate. However 

Wuister et a/(5) found an anti-quenching of luminescence in CdSe 

nanoparticles around 250K. Interestingly, the onset temperature of this anti- 

quenching was determined by the alkyl chain length of the capping ligand.

Whatever the intended application a study into the effects of changing 

temperature is useful. The experimental work presented in this Chapter was 

conducted in 2005 to 2007 and first published in 2006(8). Around the same 

time period, literature reports of similar experiments started to appear; these 

are discussed within Section 6.3. The results from the two sources strongly 

agree.
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6.2 Experimental

During the temperature experiments suspensions and thin films were heated 

gradually from 293K to 358K and cooled in the same manner. Suspensions 

of CdTe were heated using a series of standard water baths then rapidly 

transferred to the spectrometer. Thin films were heated whilst inside the 

spectrometer using a peltier stage purchased from RS Instruments. All 

temperature changes for both suspensions and thin films were maintained for 

two minutes before spectrometer measurement to allow the samples to adjust 

to the new conditions.

For prolonged heating times thin films were heated using a hotplate 

and suspensions were placed inside a temperature controlled environment.

6.3 Results and Discussion

6.3.1 Temperature Cycling of Suspensions

Suspensions of CdTe nanoparticles were heated gradually from 293K (20°C) 

to 358K (85°C) and photoluminescence spectra were recorded at regular 

intervals. Figure 6.1 shows the changes in photoluminescence wavelength as 

the different temperatures were reached. The spectra have been normalised 

with respect to intensity to improve the clarity of the wavelength shift. Heating 

the suspension caused the wavelength of the peak maximum to change from 

616nm at 293K to 629nm at 358K, a 13nm shift to lower energy.
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Figure 6.1: The change in photoluminescence wavelength when a suspension 

is heated.

A plot of the peak maximum against temperature (Fig. 6.2) shows that 

the shift in wavelength is linear.
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Figure 6.2: Wavelength of the peak maximum as a suspension of 

nanoparticles is heated.

This spectral shift to lower energy could be due to two things, an 

increase in the particle size of the nanoparticles or the presence of lower 

energy trap states. An increase in particle size would reduce the quantum 

confinement within the nanoparticle; change the band gap and result in lower 

energy emission (see Section 2.3). An increase in particle size would be seen 

if one of Ostwald ripening(9) or agglomeration were occurring. An attempt to 

measure the particle size of the nanoparticles at various temperatures was 

made using a Malvern zetasizer but the nanoparticles proved too small to 

measure using this particular machine.

If agglomeration was occurring the suspension would become unstable 

and precipitation would occur, this was not seen in the suspensions heated for 

short periods of time. Ostwald ripening(10), where smaller nanoparticles with
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higher surface energy are broken up and the subsequent material is re­

deposited onto larger nanoparticle, is also unlikely to occur here. It is 

normally only seen during the synthesis of nanoparticles or when the 

synthesis reaction mixture is first cooling at temperatures in the range of 373- 

573K. Kim et a/( 11) reported Ostwald ripening can occur at lower 

temperatures but over a timescale of days; this is not happening here as the 

nanoparticles are only maintained at each temperature for 2 minutes. Also, if 

the nanoparticles were undergoing Ostwald ripening the increase of particle 

size would be accompanied by a narrowing of the size distribution and hence 

a narrower FWHM; this is not seen here. Instead, the FWHM increases from 

56nm at 293K to 58nm at 358K. Red-shifts in photoluminescence spectra 

with increasing temperature have been reported before accompanied by both 

broadening and narrowing of the FWHM(7,12).

If the cause of the red-shift is not due to increasing particle size we are 

left with the possibility of lower energy trap states. The presence of surface 

trap states would provide a lower energy pathway for recombination to occur 

resulting in both red-shifted emission and a loss of overall intensity, due to 

non-radiative emission. A loss of intensity with increasing temperature was 

observed in our experiments.
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Figure 6.3: The change in photoluminescence intensity when a suspension is 

heated.

Figure 6.3 shows the change in photoluminescence intensity during the 

same heating sequence. Here the spectra have been normalised with respect 

to wavelength. As the suspension was heated a decrease in intensity was 

seen. At 348K the photoluminescence spectrum showed a 70% loss of the 

suspension's original intensity.

Both the red-shift and the loss of intensity seen with increasing 

temperature were reversed when the suspension was cooled. As the sample 

was cooled back to 293K the peak maximum shifted gradually back towards 

its starting position. The reversibility of the shift further rules out the causes of 

Ostwald ripening or agglomeration, as the particle size would now need to 

decrease by partial dissolution of larger particles to form less stable smaller 

particles.
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Figure 6.4: The change in wavelength as a suspension is repeatedly heated 

and cooled.

Figure 6.4 shows the change in wavelength as the suspension is 

repeatedly heated and cooled. The first heating cycle shows a one-time non- 

reversible shift of 6nm from 616nm to 622nm. The wavelength of the peak 

maximum is subsequently cycled between ~622nm at 293K and ~630nm at 

358K showing an 8nm reversible shift. The difference in the first heating cycle 

is further highlighted in Figure 6.5 where the wavelength of the peak maxima 

at various temperatures is plotted for the first and then subsequent heating 

cycles. Multiple readings at the same temperature are taken during different 

heating cycles. The spread in wavelength e.g. 622-625nm when measured at 

293K is likely to be due to the inaccuracy of the manual heating method 

employed.
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Figure 6.5: The position of the peak maxima at various temperatures.
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Figure 6.6: The change in intensity as a suspension is repeatedly heated and 

cooled.
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Figure 6.6 shows the change in intensity as the suspension is 

repeatedly heated and cooled. Again the first heating cycle produces a 

different result from the general trend; a small intensity gain is observed 

followed by a permanent loss in photoluminescence.

Wang et al{3), aiming to demonstrate their application of biomedical 

thermometry, observed nanoparticles at various temperatures. They also 

found a decrease in intensity on heating the sample and in CdTe 

nanoparticles they found this change was reversible. They did not look at 

wavelength changes nor did they report any temperature cycling results. In 

2005 Biju et al published a report of similar results(13). In their experiments, 

CdSe clusters suspended in butanol were heated and cooled repeatedly. Biju 

found a residual shift of 9nm over the first four heating cycles similar to the 

shift seen in the first heating cycle in our results. Biju suggests that this could 

be due to the thermal removal of grain boundaries establishing better 

connectivity between the nanoparticles.

If the nanoparticles used in this thesis were also (at least partially) 

part of clusters then the 6nm non-reversible shift seen in Figure 6.4 could also 

be due to the establishing of energy transfer pathways. Figure 2.9 shows that 

the absorbance spectrum of the CdTe suspension is featureless suggesting 

the presence of clusters. Biju’s residual shift was followed by an 8nm 

reversible spectral shift(13) mirroring the reversible 8nm shift reported in our 

results. Biju attributes the reversible shifts to changes in the inter-dot dipole- 

dipole interactions in the excited state within the individual clusters and 

suggests it is possible that the short inter-particle distance in clusters 

facilitates the dissociation of excitons in neighbouring particles or at the inter­
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particle interfaces(13). The spectral shifts seen in our results could therefore 

be due to increased efficiency of exciton transfer between neighbouring 

nanoparticles within a cluster at higher temperatures but could also be due to 

increased emission from lower energy thermally activated deep traps.

Biju’s results showed an increase in intensity during the first four 

heating cycles and they suggest this is due to thermal or irradiative surface 

passivation. During each of our photoluminescence measurements the 

sample was exposed to 30 seconds of UV at 365nm; cumulatively, over one 

cycle, the sample was exposed to ~7.5 minutes of UV. Several researchers 

have reported enhancement of photoluminescence due to UV irradiation and 

have used the effect to increase the quantum yield of the nanoparticles at the 

synthesis stage(14,15). The small increase in intensity in our results could 

therefore be due to passivation by irradiation.

6.3.2 Temperature Cycling of Thin Films

Heating and cooling a thin film produces very similar results to those seen in 

the suspension experiments. The thin films used in this experiment were 10 

layers thick. Here the spectral peak shifts reversibly between 644nm at 293K 

and 654nm at 358K (Figure 6.7). Interestingly, in thin film form the initial non- 

reversible shift was not seen. Again, this observation is supported by the 

literature. Walker et a/(7) investigated CdSe/ZnS nanoparticles fixed in a 

poly(lauryl methacrylate) matrix. They cycled the temperature of the 

nanoparticles and found that before, during and after the heating, 

measurements taken at the same temperature showed an almost exactly 

superimposed spectral peak. It is likely that the irreversible shift seen in the
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suspension data and also the wavelength drift seen in later temperature 

cycles of the suspension (Fig. 6.4) was due to the establishing of energy 

transfer pathways between the nanoparticles similar to the process occurring 

when the nanoparticles were deposited as thin films (Fig. 4.7) -  both result in 

a 6nm shift. Once deposited in thin film form the nanoparticles are embedded 

in a polymer matrix, consequently, the temperature cycling cannot change the 

inter-particle distances or any inter-particle interactions that are related to 

distance thus, the 6nm non-reversible shift with temperature was only seen in 

the suspensions. The reversible red-shift observed for CdTe thin films would 

therefore be entirely due to thermally activated traps.
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Figure 6.7: The change in wavelength as a thin film is temperature cycled.

As can be seen in Figure 6.8 the intensity of the photoluminescence in 

a CdTe thin film device is also dependent on temperature. An initial loss of
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photoluminescence is seen during the first two heating cycles followed by a 

reversible loss of luminescence with increasing temperature and restoration of 

intensity with cooling. There is no increase in intensity after the first heating 

cycle as was seen in the nanoparticle suspension. This would suggest that 

the irradiative surface passivation does not occur when the particles are 

embedded in thin film form.
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Figure 6.8: The change in intensity as a thin film is temperature cycled.

The permanent loss in photoluminescence intensity seen in Figure 6.8 

and also to a lesser extent in Figure 6.6 can be attributed to the formation of 

permanent non-radiative trap states at the connecting point of nanoparticles 

within clusters.
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6.3.3 Prolonged Heating of Suspensions and Thin Films

Suspensions and thin films were also heated for prolonged periods of time. 

Figure 6.9 shows photoluminescence and absorbance spectra of a thin film 

before and after it was heated at 333K for 1 hour. The only significant 

difference between the spectra is a loss in photoluminescence intensity. 

There is no difference in the photoluminescence maximum thus there has 

been no change in the size of the nanoparticles.
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Figure 6.9: Photoluminescence spectra of a thin film before and after heating 
for 1 hour.

AFM images of the thin films were taken before and after heating. Figure 

6.10a shows an unheated sample and Figure 6.10b shows a sample after 

being heated for 1 hour at 333K. The temperature treatment seems to induce 

the formation of aggregates.
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Figure 6.10a: An AFM image of the unheated thin film
Figure 6.10b: An AFM image of the same thin film after heating for 1 hour.

Since the size of the nanoparticles has not changed the aggregates seen in 

Figure 6.10b must be constructed of nanoparticles and nanoparticle clusters. 

The permanent loss in intensity seen in Figure 6.9 is again due to non- 

radiative areas of nanoparticles at the connecting points of nanoparticle 

clusters. During the suspension cycling (Fig 6.6) we saw a 35% permanent 

photoluminescence intensity loss after 7 heat cycles whereas in the cycling of 

thin films (Fig 6.8) we saw a 51% intensity loss after only 2 heat cycles. In 

thin film form neighbouring clusters merge to form larger aggregates when 

heated, increasing the areas of connectivity between the nanoparticles and 

reducing the luminescence.

6.4 Conclusions

This Chapter has shown that a change in temperature produces both 

reversible and irreversible changes in the luminescence from CdTe



nanoparticles. In general, increasing the temperature within the range 293- 

358 K of both nanoparticle suspensions and thin films results in a reversible 

spectral shift to longer wavelengths and a reversible loss of intensity. The 

shift in wavelength is linear and is consistent with other published literature.

The main cause of both the shift and the intensity loss is the presence 

of thermally activated trap states within the nanoparticles. As temperature is 

increased the trap states become accessible this leads the particles to emit at 

lower energy (wavelength shift) and creates non-radiative recombination 

pathways (loss of intensity). These changes are reversible as once the 

temperature is lowered the trap states are no longer accessible.

The changes are not only reversible but also highly repeatable. A 

cycled thin film returned to within 1 nm of its wavelength each time the 

maximum temperature was reached. With careful temperature control and 

measurement it is likely that this accuracy could be improved on. Wang et 

al{3) have projected that that temperature induced intensity changes can be 

used in a biomedical thermometry application. The findings of this Chapter 

show this is also true for the wavelength of emission.

Through comparison between experiments in suspension and thin film 

form the irreversible lower energy wavelength shift found in suspensions is 

attributed to an increase in the efficiency of energy transfer between particles. 

This proposal is further supported by the data in Chapter 4. There a 6nm shift 

was seen as a suspension was deposited to form a thin film. The irreversible 

shift seen in the current Chapter is also 6nm. In both cases the change is due 

to the establishment of energy transfer pathways.
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We report a temperature induced aggregation of nanoparticles. AFM 

analysis of thin film samples shows agglomerates are formed after the sample 

is heated for an extended time period. Photoluminescence spectra of the thin 

films show no permanent change in wavelength but a permanent loss in 

intensity. The formation of agglomerates explains the irreversible loss of 

luminescence seen in the cycled thin films and to a lesser extent also in the 

cycled suspensions.

This permanent loss in intensity would be detrimental to applications 

such as Gallagher’s proposed spectral concentrator 16). The lifetime of solar 

cells is usually expected to be around 25 years. Whilst the lifetime of a 

concentrator may not need to match that of the cell nanoparticle stability 

under prolonged heating conditions will be essential. Future work in this area 

will therefore need to focus on shielding the nanoparticles from their 

temperature environment.

108



7 Final Conclusions

The many applications of semiconductor nanoparticles or quantum dots are 

rapidly growing areas of research. In cancer research nanoparticles have 

been used to confirm the presence of cancer cells, image cancer cells, 

monitor the development and spread of cancers by cell tracking and even to 

provide therapeutic treatment. In optoelectronic technologies nanoparticles 

are being developed as materials for nanostructured light emitting devices or 

in combination with organic polymers as hybrid OLEDs. OLEDS are already 

being used in large area displays; in December 2007 Sony released a 27” 

OLED television. The addition of semiconductor nanoparticles to these 

technologies is likely to increase their commercial potential against rival liquid 

crystal displays. In photovoltaic devices nanoparticles are set to increase the 

efficiency of solar cells either as retrofitted spectral converters or as an 

integral part of the absorption layer. Adding nanoparticles to Gratzel cells is 

expected to greatly increase the energy harvesting efficiency of the cell whilst 

maintaining low material costs. This would decrease the cost per watt of the 

energy produced and make Gratzel cells viable contenders in the growing 

solar energy market.

Biomedical, optoelectronic and photovoltaic technologies are only three 

examples of the applications of nanoparticles. There are many more 

applications undergoing research and probably many more as yet 

undiscovered. The growing potential of nanoparticles means that research 

into understanding their properties is important. Perhaps the most promising 

method of producing nanoparticles is via wet chemical synthesis. Chemical
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production allows a high degree of choice and control over the composition 

and size of the nanoparticles and is a cost-efficient method. When fabricated 

in this way the nanoparticle end product is usually a concentrated suspension 

or a powder. Before use in any application the nanoparticles therefore need 

to be processed into dilute suspensions or deposited as thin films.

Results throughout this work have shown that energy transfer from 

small to large nanoparticles occurred whenever the particles were within close 

enough range and produced a red-shift in the wavelength of the 

photoluminescence peak maximum. The effects of this energy transfer were 

readily seen in the photoluminescence spectra. Since the nanoparticles 

needed to be in close range for this energy transfer to occur the inter-particle 

distance played a bid role in many of the observed photoluminescent 

phenomenon.

When nanoparticles were deposited from a suspension to a thin film 

the inter-particle distance decreased and a red-shift in photoluminescence 

occurred. When the thin film was then built-up into a multilayer film 

nanoparticles could interact on a 3d rather than a 2d scale. A further red-shift 

was seen. When the polymer used to deposit the thin film was changed from 

PDDA to PEI the red shift on the development of multilayers was less 

pronounced. Analysis of the PEI thin film found it to be less ordered than its 

PDDA counterpart. The nanoparticles in the PEI thin film would therefore 

have longer average inter-particle distances.

Dilution of a suspension of nanoparticles showed the reverse of this 

effect. As the suspension was diluted the average inter-particle distance
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increased. The resulting blue-shift occurred because less energy transfer 

could take place. Re-concentration of the suspension produced a red-shift.

The blue-shift seen on diluted a suspension may not be entirely due to 

the change in inter-particle distance. The thiol capping layer of the 

nanoparticles is known to desorb at lower concentrations. Removing the 

capping layer would decrease the size of the overall nanoparticle thus a blue- 

shift would be expected. The results from the re-concentration experiment 

however showed that the blue shift cannot be entirely due to the loss of thiol.

For nanoparticles to be useful in any application it is important to 

understand how they may be affected by the environment they are faced with 

within that application. One of the most important considerations is to look at 

the affects of the operating temperature of the application. The 

photoluminescence of nanoparticles has previously been reported to be 

temperature sensitive at low temperatures. The final experimental chapter of 

this report looked at the effects of changing temperature within an ambient 

range.

It was found that when heated the nanoparticle suspensions and thin 

films showed reversible and repeatable wavelength and intensity changes. 

The repeatability of these results demonstrates that the CdTe nanoparticles 

would be suitable for a temperature sensing application. Irreversible 

photoluminescent changes due to temperature were also found. Prolonged 

heating of a thin film sample produced an irreversible loss of luminescence 

intensity. AFM analysis showed that this loss was due to agglomeration of the 

nanoparticles into clusters of nanoparticles. This finding limits the usefulness 

of these CdTe nanoparticles within the fields of optoelectronic and



photovoltaic technologies. Future suggested work would therefore be to 

investigate methods of shielding these nanoparticles from any high 

temperatures in their operating environment.

The reversible changes in wavelength and intensity seen in both the 

suspensions and thin films was found to be due to the presence of thermally 

activated trap states. At low temperatures these trap states are not 

accessible. However, as the temperature increases lower energy luminescent 

and non-radiative recombination pathways become available. The changes 

are reversible because once the temperature has decreased the trap states 

are again inaccessible.

Finally, OWLS was used as an in-situ, real-time analysis technique for 

monitoring LBL deposition. OWLS was found to be a quick and convenient 

method for this analysis. Using the OWLS technique in this way would allow 

researchers to make changes to their LBL process and immediately monitor 

the results. Thus OWLS would become a rapid optimisation procedure for the 

improvement of individual experimental set-ups without producing fully 

functional LBL thin films.

For the particular deposition method used within this report we were 

able to identify different stages of deposition. At first, the nanoparticles 

deposit very rapidly onto the surface of the waveguide. At this stage the 

nanoparticles are faced with a complete surface of charged polymer and are 

able to adsorb quickly. After a short time this rapid deposition gives way to a 

more gentle increase of nanoparticles. Now the incoming nanoparticles must 

compete for space at the remaining adsorption sites. The nanoparticles 

deposited in the rapid deposition stage become strongly bound to the polymer
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surface but the nanoparticles deposited later may be only weakly attached 

and can be washed off during the rinsing stages.

This thesis has looked at various post-preparative treatments of CdTe 

nanoparticles. The aim of the thesis was to further the scientific 

understanding of CdTe nanoparticles and their interaction within their 

surrounding environment. By looking at the effects of temperature changes 

on CdTe nanoparticles we have looked at one of the key environmental 

factors a nanoparticle experiences. An insight has been gained into how a 

nanoparticle will react in such an environment and areas for future work have 

been highlighted. The findings of this work are likely to be useful to 

researchers considering the use of CdTe nanoparticles within a particular 

application.
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8 Future work

8.1 Effects of Strain

The original aim of this PhD was to design, construct and evaluate a strain 

tuneable luminescent device where the luminescence is modified by 

piezoelectric actuation. A basic design for such a device is shown in Figure 

8.1.

Au/Cr Top
Electrode

Conducting
Epoxy

ccrrs

rro

Glass

Figure 8.1 Schematic of a strain tuneable luminescent device

The device consisted of a glass substrate with thin films of ITO, lead 

zirconium titanate (PZT), CdTe nanoparticles and zinc oxide topped with 

chromium/gold electrodes. Applying a field between the two top (Cr/Au) 

electrodes was designed to create a d33 strain in the ferroelectric PZT layer 

and applying a field between one top electrode and the ITO bottom electrode 

created a d3i strain. A d33 strain is the strain measured in the same direction 

as the applied voltage whereas a d3i strain is measured perpendicular to the 

applied voltage. These strains would then produce a change in the surface of
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the PZT layer and thus also the CdTe layer. The ZnO layer is also 

ferroelectric so applying a voltage to the top two electrodes would be more 

likely to produce a strain in the ZnO layer rather than the PZT layer. Due to 

the sandwich nature of the device this may still produce the desired effect in 

the CdTe. Changing the strain applied to the CdTe layer would change the 

size, shape or proximity of the nanoparticle and thus change their wavelength 

of emission.

An ITO coated glass substrate was used as a transparent bottom 

electrode to provide a hole injecting layer to the ferroelectric and to allow UV 

absorption and light emission through the bottom of the sample. The PZT 

layer was created using a sol-gel technique by spin coating from a sol made 

by Qi Zhang(1). The CdTe layer was fabricated using the LBL deposition 

method described earlier in this report (Section 3.2.3) but using manual 

deposition rather than the automated deposition used elsewhere in this report. 

The manual method has since been disregarded as it produces thicker 

inhomogeneous layers. The ZnO layer provides a protective barrier between 

the CdTe and the air, preventing oxidation and consequently degradation of 

the nanoparticles. ZnO was chosen as in this thickness (layer is 70nm thick) 

it is transparent.

The first year of my research concentrated on establishing an 

understanding of the various components of the device and fabricating and 

testing preliminary devices. On applying voltages between the two top 

electrodes of a device the photoluminescence spectra showed interesting 

results. As the voltage was increased from Ov to 20v, <5v showed no 

significant change, 7.5-15v showed small shifts to longer wavelengths and

115



17.5 and 20v showed larger shifts in the same direction. The voltage was 

then decreased and the peak maximums were seen to shift back towards the 

blue direction. However, the peaks did not return to their original positions. 

The peak maximum start position was ~610nm, this shifted to ~660nm and 

returned to ~625nm. This can be seen in Figure 8.2, the top spectra are due 

to increasing voltage and the bottom spectra are due to decreasing the 

voltage again.

0.9

0.7 -

0.5

6

$J ' f r '

r -

dm ■

t ' * * 5

JJ

is :

—  o v
 2 5V

5V
 7.5V

10V 
12 5V 
15V 

 17.5V
- - 2QV

615 635 655

W a v e l e n g t h  /  n m

1.1 I

i'ili . r, ■>.]; . >• . ’ . : s ■J f  J •; HA, . * V v
I--*-- ’ ■ I1,. /

NSf

—ov
— 2.5V  

5V
— 7.5V
— 10V 

12.5V  
15V

— 17.5V  
- -2 0 V  
1 - 7T- ------

1>te r ru

615 675 695 715
W a v e le n g th  /  n m

Figure 8.2: Photoluminescent spectra observed whilst increasing (Top) and 

decreasing (Bottom) the voltage applied between the two top electrodes of a 

ferroelectric strain device.
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However, further investigation showed the wavelength changes were at 

least partially due to effects other than any strain induced in the PZT layer. 

High currents produced heating of the device. A control experiment was 

conducted whereby a sample was heated using an external heat source, the 

change in temperature was found to produce similar wavelength shifts to 

those seen in Figure 8.2. Furthermore, a calculation of the change in 

wavelength likely to be induced by a strain in the PZT layer was found to be 

very small. A change in wavelength of < 1 nm could be expected.

To continue to look into the effects of strain without the inherent 

heating of the PZT device a simpler method was devised. CdTe thin films 

were deposited onto flexible polymethylmethacrylate (PMMA) substrates. The 

substrates were then placed into a bending jig, supplied by the National 

Physics Laboratory, capable of measuring deflection changes of 0.1 microns. 

Photoluminescence spectra were recorded whilst the deflection of the 

substrate was changed.

Figure 8.3 shows the change in photoluminescence spectra as a 

convex strain was applied. The strain values have been calculated with 

respect to the radius of curvature and the thickness of the sample. An 

increasing strain results in a shift to the blue.
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Figure 8.3: The change in photoluminescence when the substrate is deformed

Figure 8.4 shows a schematic of how changing the shape of the 

substrate may affect the nanoparticles. When the substrate is flat the 

nanoparticles are a set distance apart, if their positions are fixed then as the 

substrate is curved convexly the inter-particle distance will increase. 

Similarly, as the substrate is curved concavely the inter-particle distance will 

decrease.
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O

Figure 8.4: Schematic of how bending the substrate will affect the 

nanoparticles.

As a convex strain is applied the particles move further apart thus less 

inter-particle energy interactions can occur and we see a shift to the blue. 

These results fall in line with the results seen in Chapter 4 when the changing 

of the inter-particle distance during dilution and deposition of nanoparticles 

produced similar wavelength shifts.

However, a look back at the results from the PZT device shows that the 

changes in photoluminescent spectra here are of a different order of 

magnitude to those seen in the PMMA device. Table 8.1 lists the 

wavelengths of the spectral peak maxima recorded at different applied 

voltages and Figure 8.5 shows a plot of the wavelength versus the voltage.
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Table 8.1: Peak positions for various voltages applied

Voltage Applied Peak Position 

/nm

0 612.765

2.5 614.251

5 611.773

7.5 620.195

10 618.215

12.5 619.205

15 620.69

17.5 631.569

20 670.949

20 664.078

17.5 650.802

15 634.039

12.5 628.11

10 626.132

7.5 625.638

5 622.67

2.5 625.638

0 622.67
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Figure 8.5: A plot of the wavelength of the photoluminescence peak

maximum versus voltage; blue diamonds are when the voltage is being 

increased and pink squares are when the voltage is being decreased.

An applied voltage of 0 to 15 volts produces small shifts in the 

wavelength of the luminescence similar to those seen in the PMMA device. 

But increasing the voltage from 15 to 20 volts produces a much larger change 

in wavelength. The temperature of the device after application of 20 volts was 

estimated at ~358K. From Chapter 6 we see that this change in temperature 

can also not explain such a large wavelength shift.

Unfortunately, after a short period of measurement the devices no 

longer displayed photoluminescence thus repeat experiments could not be 

conducted. Future work into this area would therefore be to fabricate similar 

PZT/CdTe devices to see if the results reported here could be replicated and 

explained.
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Appendix

A Photoluminescence Study of Film Structure in CdTe Nanoparticle Thin 

Films

H. C. Gardner, D. E. Gallardo, S. Dunn, A. Eychmuller and N. Gaponik 

Journal of Nanoscience and Nanotechnology, 2008, 8, 2578-2581.

The layer-by-layer deposition of thin films of CdTe nanoparticles and three 

different polyelectrolytes has been investigated. Photoluminescence spectra 

were used to monitor the energy transfer properties within the films. As the 

number of bi-layers in a thin film was increased a decrease in the energy of 

the light emitted was observed. The wavelength change is a two-stage 

process. Deposition of the first one to two bi-layers of a thin film produced a 

sharp energy change (626nm to 637nm with the addition of a single bi-layer) 

whereas deposition of subsequent bi-layers produced a more gradual energy 

change (642nm - 646nm with the addition of 5 bi-layers). A space-filling 

mechanism is suggested to account for these changes; smaller nanoparticles 

penetrate the earlier levels of a thin film and increase the inter-particle energy 

transfer opportunities within the layers.
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Red shift for CdTe nanoparticle thin films and suspensions during 

heating

S. Dunn, H. C. Gardner, C. Bertoni, D. E. Gallardo, N. Gaponik and A. 

Eychmuller

Journal of Nanoscience and Nanotechnology, 2008, 8, 2544-2548.

The work that we have conducted shows that temperature affects the 

wavelength of light emitted from CdTe nanoparticle clusters that are in a 

suspension or deposited into thin films via a layer-by-layer process. 

Compared with the stock suspension, the films show an initial 

photoluminescent shift, of circa 6-8nm to the red, when the particles are 

deposited. A shift of circa 6-8nm is also seen when the suspensions are first 

heated to 85°C from room temperature (20°C) having been stored in a fridge 

at 5°C. This shift is non-recoverable. With continual cycling from room 

temperature to 85°C the suspensions show a slight tendency for the emission 

to move increasingly to the red; whereas the films show no such tendency. In 

both cases, the range in emission is ca 10nm from the room temperature 

state to 80°C. The intensity of the emission from the film drops abruptly (ca 

50% reduction) after one cycle of heating; in the suspension there is an initial 

increase (ca 3-5% increase) in intensity before it decays. We see that the shift 

towards the red has been attributed to energy transfer or a rearrangement of 

the packing of the particles in the thin films. After conducting analysis of the 

films using scanning probe microscopy we have determined that a change in 

the morphology is responsible for the permanent shift in emission wavelength
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associated with prolonged heating. The influence of traps has not been ruled 

out, but the morphological change in the samples is very large and is likely to 

be the dominating mechanism affecting change for the red shift at room 

temperature.

Degradation of Photoluminescence in CdTe Nanoparticles Due to Cl2 

Contamination

Hannah C. Gardner, Birju Patel, Cristina Bertoni, Diego E. Gallardo, Steve 

Dunn

Advanced Materials Research, 2008, 31,150-152.

Nanostructured CdTe is proving a popular material for a variety of modern 

applications. Here, we report photoluminescent deterioration of CdTe due to 

Cl2 contamination. CI2 gas was bubbled through a 2ml suspension of 

thioglycolic acid capped CdTe nanoparticles whilst photoluminescence was 

monitored. With the addition of only 0.02ml of Cl2 a loss of luminescence 

intensity was observed. Addition of 0.4ml of CI2 resulted in a 70% loss of 

luminescence intensity, a 21 nm shift in wavelength, and a large narrowing of 

the full-width-at-half-maximum. Cl2 attacks the Cd-S bond in the thiol capping 

layer of the nanoparticle, disrupting the passivation of the nanocrystal, and 

allowing the formation of non-radiative trap states. Smaller nanocrystals with a 

larger surface area to volume ratio are more heavily affected as is shown in 

the selective reduction of intensity from the smaller particles resulting in a 

narrower full-width-at-half-maximum and an apparent photoluminescence
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shift. A decrease in overall intensity is seen due to the lower number of 

emitting particles.

Temperature shifted photoluminescence in CdTe nanocrystals

Hannah C. Gardner, Diego E. Gallardo, Cristina Bertoni, Steve Dunn 

Proceedings of SPIE, Nanophotonics, 2006, 6195, 10.1117/12.661233.

If semiconductor quantum dots are to be incorporated into hetero-structural 

devices such as light emitting diodes it is important to understand the 

influences of the surrounding medium on the properties and particularly the 

photoluminescence of the nanocrystals. Here we investigate the temperature 

dependence of emission from CdTe quantum dots in aqueous solution with 

capping layers of thioglycolic acid. Results from quantum dots both held in 

suspension and deposited as thin films are shown. In both suspensions and 

thin film multilayers a reversible spectral shift to lower energy is seen with 

increasing temperature. This red shift of photoluminescence is thought to be 

the result of increased exciton carrier transfer between the quantum dots at 

higher temperatures and the thermal activation of emission from lower energy 

trap states. Both suspension and thin film devices also show a recoverable 

loss in photoluminescence intensity when the sample is heated. These 

changes are explained by the thermal activation of non-radiative surface 

traps. Finally, an irreversible loss in photoluminescence is reported in the 

CdTe thin film devices and to a lesser extent also in the quantum dot
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suspensions. This observation is explained by the heat induced formation of 

agglomerates imaged by AFM analysis.

Influences of the Surrounding Materials on CdTe Nanoparticles within 

Self-Assembled Thin Films

H.C. Gardner; C. Bertoni, D.E. Gallardo, S. Dunn, M.G. Cain

Technical Proceedings of the 2007 NSTI Nanotechnology Conference and

Trade Show, 2007, 1, 395.

We report the effects of temperature, radiation and inter-particle distance on 

thin films of CdTe nanoparticles. Temperature cycling thin films between 

293K and 358K resulted in a shift of 10nm in photoluminescence wavelength 

and a loss in emission intensity. Thermally activated trap states cause the 

nanoparticles to emit at different wavelengths at different temperatures. Small 

amounts (1 hour) of UV irradiation enhance emission from the thin films 

leading to higher energy wavelengths and increased intensity. Longer (4 hour) 

exposure to UV radiation reverses these effects and causes deterioration of 

the luminescence. Increasing the number of layers in a thin film results in a 

red-shift in the photoluminescence spectra. The inter-particle distance is 

decreased increasing the opportunity for inter-particle energy transfer.
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