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Chapter 1: Introduction 

Abstract 

 

Quantum dots have attracted a lot of interest in the past decade due to their physical 

and chemical properties. Quantum dots offer exciting possibilities for third generation 

photovoltaic devices. Light emitting quantum dots are stronger emitters than 

conventional organic dyes and are more resistant to degradation.   

This thesis focuses on the solution phase synthesis of semiconducting nanoparticles 

containing only easily available and relatively non-toxic materials, unlike cadmium 

containing nanoparticles. As an example, CdSe has been heavily studied for its 

outstanding optical properties. But the toxicity of cadmium encourage towards the use 

of other materials combining low toxicity with efficient emitting properties, such as 

silicon or germanium. We concentrate our research to silicon, germanium, tin, 

tin/germanium and Cu2ZnSnS4 (CZTS) nanoparticles.  Tin based nanocrystals are poor 

emitters but have great potential as light harvesters in solar cells due to great 

semiconducting properties. The potential applications, crystal structures and properties 

of the target materials are described in Chapter 1. Chapter 2 details the characterization 

techniques used to define the nanoparticles synthesized in this research. Size and shape 

of the nanocrystals was evaluated using Transmission Electron Microscopy (TEM). The 

crystals structure was determined by X-ray diffraction (XRD) or Selected Area Electron 

Diffraction (SAED). The surface termination of quantum dots was assessed via Fourier 

Transform Infrared Spectroscopy (FTIR). Finally, the optical properties were determined 

using UV-Visible and photoluminescence spectroscopies.  

Silicon quantum dots (SiQDs) exhibit strong blue photoluminescence. The emission 

phenomenon of silicon nanostructures is still heavily debated in the literature. Chapter 3 

looks into the origin of this fluorescence. The quantum dots were synthesized following 

a chemical reduction method in the presence of a surfactant. We evaluate the influence 

of the nanoparticle size variation on the optical properties. Then we explore the role of 

the passivation molecule on the surface of the silicon quantum dots on the light 

absorption and emission phenomena. 
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The synthesis of CZTS nanoparticles via a solution phase process is described in Chapter 

4. The aim of this research was the production of small monodisperse particles. We 

investigate the influence of the solvent environment in high temperature decomposition 

syntheses, followed by the study of a novel chemical reduction method for CZTS 

nanocrystals 

Chapter 5 regroups the research conducted on germanium and tin quantum dots, as 

well as the study on germanium/tin alloy.  Germanium quantum dots, strong light 

emitters, were characterized optically in this study. The semiconducting phase of tin has 

great physical properties but is unstable in an ambient environment. So far reported tin 

nanoparticles synthesized via a solution process display only the metallic structure of 

tin. Presenting similar structural properties, germanium is expected to stabilize the 

quantum dot configuration when alloyed to tin. 

In Chapter 6 are described three different collaborative projects towards the application 

of silicon quantum dots in solar cells. First silicon quantum dots were anchored to zinc 

oxide nanowires arrays. Then we investigated the optical properties of SiQDs blended in 

a matrix of block copolymers. The third project looks into the effect of SiQDs spread 

over the surface of a working silicon solar cell. 

Finally, the last chapter presents an overall conclusion and summarizes the main 

findings of this study. It also introduces perspectives for future work with concepts on 

how to overcome the problems encountered in this research and ideas towards 

concrete industrial application of quantum dots. 
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Abbreviations 

C12E5 = Pentaethylene glycol monododecyl ether 

e- = electron 

EDS = Energy Dispersive X-ray Spectroscopy 

eV = electron volt 

FF = Fill Factor 

FTIR = Fourier Transformed Infra-Red  

FWHM = Full width at half maxima 

HRTEM = High Resolution Transmission Electron Microscopy 

JCPDS = Joint Committee on Powder Diffraction Standards 

LED = Light Emitting Diode 

M-J = multi-junction 

NMR = Nuclear Magnetic Resonance 

NW = NanoWire 

ODE = Octadecene 

OLA = Oleylamine 

PL = Photoluminescence 

PLE = Photoluminescence excitation 

QDs = Quantum Dots 

QDSSC = Quantum dots-sensitized solar cell 

SAED = Selected Area Electron Diffraction 

TEM = Transmission Electron Microscope / Microscopy 

TOAB = Tetraoctyl ammonium bromide 

UV-Vis = Ultra-Violet-Visible 

XRD = X-Ray Diffraction  



  

6 
 

Chapter 1: Introduction 

Table of Contents 
 

Chapter 1: Introduction 

1.1. Motivation ............................................................................................................................. 1 

1.2. Nanomaterials ....................................................................................................................... 2 

1.2.1. Correlation size-properties ................................................................................................. 3 

1.2.2. Energy bands and quantum confinement .......................................................................... 4 

1.2.2.1. Energy bands in semiconductors ................................................................................ 4 

1.2.2.2. Photoluminescence phenomena ................................................................................ 6 

1.2.2.3. Quantum confinement................................................................................................ 7 

1.2.3. Nanoparticle formation ...................................................................................................... 8 

1.3. Group IV materials ............................................................................................................... 10 

1.3.1. Silicon ................................................................................................................................ 10 

1.3.2. Germanium ....................................................................................................................... 12 

1.3.3. Tin ...................................................................................................................................... 13 

1.3.4. Tin-germanium alloy or composites ................................................................................. 15 

1.3.5. CZTS ................................................................................................................................... 17 

1.4. References........................................................................................................................... 19 

Chapter 2: Experimental techniques 

2.1. Synthetic techniques ............................................................................................................ 29 

2.1.1. Microemulsion synthesis .................................................................................................. 29 

2.1.2. Surface modification ......................................................................................................... 30 

2.1.3. High temperature decomposition and hot injection synthesis ........................................ 30 

2.1.4. Purification ........................................................................................................................ 31 

2.2. Characterization techniques ................................................................................................. 32 

2.2.1. Transmission electron microscopy (TEM) ......................................................................... 32 

2.2.2. Scanning Electron Microscopy (SEM)................................................................................ 35 

2.2.3. Energy dispersive X-ray spectroscopy (EDS) ..................................................................... 35 

2.2.4. Diffraction techniques: X-ray powder diffraction (XRD) and selected area electron 

diffraction (SAED) .............................................................................................................................. 36 

2.2.5. Fourier Transform Infrared Spectroscopy ......................................................................... 38 

2.2.6. Nuclear Magnetic Resonance ........................................................................................... 39 

2.2.7. Optical characterization .................................................................................................... 40 

2.2.7.1. UV-Vis spectroscopy ......................................................................................................... 40 



  

7 
 

Chapter 1: Introduction 

2.2.7.2. Photoluminescence spectroscopy..................................................................................... 41 

2.2.7.3. Time-resolved photoluminescence spectroscopy ............................................................. 41 

2.3. References .......................................................................................................................... 43 

Chapter 3: Origin of the photoluminescence in silicon quantum dots 

3.1. Synthesis of silicon quantum dots ......................................................................................... 46 

3.1.1. Hydride terminated silicon quantum dots synthesis ........................................................ 46 

3.1.2. Surface passivation............................................................................................................ 48 

3.1.3. Purification ........................................................................................................................ 49 

3.1.4. Structural characterization ................................................................................................ 51 

3.2. Optical properties of silicon quantum dots and their origin .................................................... 55 

3.3. Particle size effect on the optical properties of silicon quantum dots ...................................... 61 

3.4. Surface effects on silicon quantum dots ................................................................................ 67 

3.4.1. Structural characterization ................................................................................................ 68 

3.4.2. Effect of surface capping on optical properties ................................................................ 75 

3.5. Discussion and summary ...................................................................................................... 78 

3.5.1. Origin of the photoluminescence of silicon quantum dots ............................................... 78 

3.5.2. Influence of the nanocrystal size....................................................................................... 78 

3.5.3. Influence of the surface capping ....................................................................................... 80 

3.6. References .......................................................................................................................... 81 

Chapter 4: CZTS nanocrystals synthesis and characterization 

4.1. High temperature synthesis and influence of solvent environment ......................................... 89 

4.1.1. Effect of solvent temperature ........................................................................................... 89 

4.1.2. Effect of solvent coordination on CZTS nanocrystals formation ....................................... 95 

4.1.3. Synthesis by hot injection of precursors ........................................................................... 98 

4.2. Chemical reduction synthesis of CZTS .................................................................................. 105 

4.2.1. Experiments 7 to 11: Use of a reducing agent prior to high temperature treatment .... 105 

4.2.2. Room temperature synthesis by chemical reduction based on the reverse micelle 

principle 116 

4.3. Microemulsion synthesis of metal sulphides ........................................................................ 127 

4.4. Discussion ......................................................................................................................... 131 

4.5. References ........................................................................................................................ 134 

Chapter 5: Germanium, tin and tin/germanium alloy nanoparticles 

5.1. Germanium quantum dots synthesis and optical properties ................................................. 142 

5.2. Synthesis of tin nanoparticles via chemical reduction ........................................................... 151 



  

8 
 

Chapter 1: Introduction 

5.2.1. At room temperature ...................................................................................................... 152 

5.2.2. Reverse micelle synthesis in an ice-bath ........................................................................ 155 

5.3. Alloying tin with germanium ............................................................................................... 157 

5.3.1. Alloying tin and germanium using chemical reduction................................................... 159 

5.3.2. Alloying tin with germanium using temperature decomposition ................................... 161 

5.4. Discussion .......................................................................................................................... 164 

5.5. References......................................................................................................................... 165 

Chapter 6: Silicon quantum dots: towards their use in solar cells 

6.1. Introduction to solar cells ................................................................................................... 172 

6.2. Silicon quantum dots solar cells: an overview ...................................................................... 176 

6.3. Silicon quantum dots anchored to zinc oxide nanowires ....................................................... 177 

6.3.1. ZnO nanowires growth and characterization ................................................................. 177 

6.3.2. Silicon quantum dots and zinc oxide nanowires composite ........................................... 180 

6.4. Silicon quantum dots in block co-polymers .......................................................................... 183 

6.5. Silicon quantum dots coated on silicon solar cell .................................................................. 188 

6.5.1. Description of the solar cell .................................................................................................. 189 

6.5.2. Deposition of silicon quantum dots ...................................................................................... 189 

6.5.3. Measurement of J-V curves .................................................................................................. 191 

6.6. Discussion and summary .................................................................................................... 196 

6.7. References......................................................................................................................... 200 

Chapter 7: Conclusion 

7.1. Micro-emulsion synthesis and effect of reducing agent ........................................................ 209 

7.2. Optical properties and surface effects ................................................................................. 210 

7.3. Band gap properties for solar cell applications ..................................................................... 211 

7.4. Photovoltaic applications .................................................................................................... 212 

7.5. Future work and overall conclusion ..................................................................................... 212 

7. 7. References ........................................................................................................................ 215 

Appendix 1 ............................................................................................................................... 219 

List of Publications:……………………………………………………………………………………………………………….221 

 



  

1 
 

Chapter 1: Introduction 

1. Introduction 

1.1. Motivation 

A majority of the world's current electricity supply is generated from fossil fuels such as 

coal, oil and natural gas. The resources in fossil fuels are finite and are decreasing 

rapidly, leading to rising prices, among other disagreements. Their extraction and usage 

raises concerns about the decline of the environment due to a dangerous level of 

greenhouse gas emission, and the possible cause of concerning climate changes.  

Renewable energy sources such as solar, biomass, geothermal, hydroelectric and wind 

power generation have emerged as potential alternatives.  

The solar energy represents 89 petaWatts over the surface of the Earth absorbed by sea 

water and land.   Photovoltaic energy has the most potential to address the predicted 

fossil fuel shortage. 

 

Figure 1.1: Solar cell efficiencies chart, with circled in red the quantum dots cells.1 
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Many photovoltaic devices architectures and principles are researched today. The 

National Renewable Energy laboratory (US) reports every year a chart of the best 

research-cell efficiencies (figure 1.1).1 Even though in the NREL chart it is noticeable that 

quantum dots solar cells are far from the efficiencies recorded for multi-junction cells, 

they present a high potential for the next generation of photovoltaic devices.2  

Cadmium based quantum dots are by far the most studied semiconducting 

nanoparticles. Their outstanding efficiency and their great tunability attracted lots of 

interest for optoelectronic applications, including LEDs and solar cells. Unfortunately, 

cadmium is a highly toxic element and has been classified as a potentially dangerous 

element for humans and for the environment.3,4 It has been banned from electronic 

applications in Europe and soon to be in North America.5 

Over the past decade, attention has been given to other semiconducting nanoparticles 

with a low toxicity. In this project, the research was focused on four different materials, 

based on elements from group IV: silicon, germanium, CZTS and finally tin and tin-

germanium alloys, and their potential syntheses, properties and applications in 

photovoltaics. 

1.2. Nanomaterials 

Nanomaterials are by definition a material with at least one of three dimensions 

comprised between 1 and 100 nm. One or two nanosized dimension leads to nanoplate 

or nanotube structures. In the case of nanoparticles, the three dimensions are below 

100 nm. On a size scale, the maximum size of a nanomaterial is a thousand times smaller 

than the diameter of a hair.7 Nanocrystals refer to nanosized single crystalline 

nanoparticles, while nanoparticle is a more generic term for any kind of particle, 

amorphous, polymeric or crystalline. 

Nanoparticles have attracted a great deal of attention over the past two decades, due to 

their unusual properties and characteristics compared to their bulk material 

counterparts. Unusual electrical, magnetic or optical properties can often be observed in 

the nanoparticles.8-10 Those properties can be explained by two main causes: the surface 

area and quantum effects.  Below 100 nm, the quantum effects are indeed annexing 
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some other bulk effects, leading to new material behaviours and also the surface area to 

volume ratio becomes much larger when the size is decreased down to the nanoscale. 

Nanocrystals are the ideal candidates for many different applications, such as gas-

sensors, electronic devices, biological markers, solar cells for a widespread large 

production.11 Taking in consideration a low cost of production as well as the 

environmentally friendly synthesis becomes an increasing factor for the use of 

nanocrystals.  

 

1.2.1. Correlation size-properties 

The main difference between bulk and nanosized materials is the ratio between surface 

area and volume. In nanoparticles, a larger fraction of the atoms are indeed located on 

the surface. Figure 1.2.a represents the size dependence of the number of atoms 

located either in the core or at the surface of gold nanoparticles.  In many biological 

applications, such as drug delivery, the increased surface area per volume ratio permits 

a larger number of functional group attached to the surface per volume of material, so a 

better efficiency.  

 

Figure 1.2: a) Number of surface and inner atoms dependence as a function of gold 

particle diameter and b) relationship between particle size and melting temperature for 

gold particles.12 

The decrease of particle size also leads to a change of intrinsic properties. Buffat et al 

has reported a decrease of the melting temperature with gold particles (fig. 1.2.b).12 

Similar behavior has been observed for other metal nanoparticles such as lead or tin.13,14 

Magnetic material can become superparamagnetic under a critical size. 
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Superparamagnetic particles have no residual magnetization after exposure to a 

magnetic field, so have no risk to aggregate.15 These nanocrystals can be used in medical 

applications as MRI contrast agents. Another property of particles in the nanoscale is the 

ability to absorb and emit in different regions of the light, due to surface effects. Gold or 

silver nanocrystals are well-known for exhibiting different colours depending on their 

size range due to a phenomenon called surface plasmon resonance. The discovery of 

this property might have been the first exploited property of the nanoparticles, as it has 

been found that gold nanoparticles are present in coloured glass objects dating from 

Ancient Roman times. But the largest number of possible applications today is probably 

for semiconductor nanocrystals. Below a certain size, they enter a state called quantum 

confinement which can give rise to a new range of properties such as 

photoluminescence. 

 

1.2.2. Energy bands and quantum confinement 

1.2.2.1. Energy bands in semiconductors 

Materials can be separated into three main categories depending on their electrical 

conductivity: metals, semiconductors and insulators. The difference is determined by 

their atomic energy levels.  

 

Figure 1.3:  Energy level difference between metals, semiconductors and insulators.16 

All materials present two sets of energy levels, confined in bands called valence band 

and conduction band. The Valence band, which is lower in energy, is considered as the 
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stable or low energy state. It contains most of the electrons of the material. On the 

contrary, the conduction band is almost empty. The energy levels in the conduction 

bands are also called excited states. For metals, the two sets of energy levels overlap, so 

the electrons move freely upon energy excitation and without resistance, so the 

electrical conductivity is optimum. The electrons in an insulator are stable and confined 

in the Valence band. In semiconductors, the top of the valence band, also called HOMO 

(Highest Occupied Molecular Orbital) and the bottom of the conduction band, LUMO 

(Lowest Unoccupied Molecular Orbital), are separated by a gap in energy of ‘forbidden 

states’ called the band gap (Eg). Through applied electrical bias, light or heat, enough 

energy can be given to electrons to move from Valence to conduction bands.  

The energy of electrons varies upon their position in an atom. Due to the conservation 

of momentum principle, energy band structures are not constant and vary with the 

momentum p of electrons. The wavevector k represents the momentum equivalent and 

the relative position of an electron in the reciprocal space.17 Due to the energy band 

variation, two types of energy gap transitions can be observed in semiconductors: direct 

or indirect. Figure 1.4 represents the band structure of GaAs, a direct band gap 

semiconductor and silicon, which has an indirect band gap. A semiconductor presents a 

direct band gap when the maximum energy of the Valence band (Ev) and the minimum 

energy value of the conduction band (Ec) are presenting the same wavevector k=0. This 

transition can be initiated by the absorption of a photon. On the contrary, when the 

minimum of the conduction band is situated at different values of the wavevector k, and 

since it does not coincide to the maximum of the Valence band, the band gap is called 

indirect. In the case of an indirect bandgap, there is a very low probability to observe the 

emission of light, as the emission requires the simultaneous production of a phonon and 

a photon. 
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Figure 1.4: Band gap photon absorption process for a) a direct band gap semiconductor, 

GaAs and b) an indirect band gap semiconductor, silicon.18 

1.2.2.2. Photoluminescence phenomena 

Semiconductors get their name from the property of the electrons to go from the 

valence band to the conduction band if they receive an energy greater than the band 

gap. If a direct band gap semiconductor is exposed to light radiation, with a photon 

energy (hν) higher than the energy of the gap, an electron can be excited to the 

conduction band, creating a hole in the Valence band. The longest wavelength for the 

excitation of an electron corresponds to the absorption spectraledge of the 

semiconductor. The electron-hole pair thus generated is called an exciton. This 

configuration is unstable, so the electron will have the tendency to recombine with the 

hole. When the electron returns to its stable configuration in the Valence band, it 

releases the energy by re-emitting a photon, which energy (hν) is characteristic of the 

band gap. This radiation can be light in the visible light region of the electromagnetic 

wave spectrum, so the material emits light with a colour characteristic of the radiation 

wavelength, and this phenomenon is called photoluminescence. For semiconductors 

with an indirect band gap, the recombination process must be mediated by a phonon. A 

photon and a phonon must be associated to create a radiative recombination of an 

exciton in an indirect band gap semiconductor. As the probability of photon-phonon 

combination is low, the photoluminescence is not observed for indirect band gap 

materials.18   
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1.2.2.3. Quantum confinement 

 The exciton Bohr radius is the spatial distance between the hole and the electron in an 

exciton. When at least one of the dimensions of nanocrystals approaches the bulk 

exciton Bohr radius, nanoparticles enters the quantum confinement regime and those 

semiconducting nanocrystals are called quantum dots.19  

On the nanoscale, semiconductor energy levels of the valence and conduction band 

become discrete.20 The band gap of a semiconductor also increases with decreasing 

particle size owing to statistically reduced positions for electrons. Due to the increase of 

the bandgap while reducing the size of the nanocrystals, the wavelengths of the 

absorption edge and of the photoluminescence change result in a blue spectral shift. 

Many studies have reported the blue shift in the PL or the absorption for different 

quantum dots, such as CdSe and InP.21,22 

 

Figure 1.5: Evolution of energy bands of silicon nanocrystals with respect to diameter. 

The dashed lines correspond to the bulk band edges.23 

 

Group II-VI quantum dots, such as CdSe present a direct band gap, both in the bulk state 

and nanoparticle form. The origin of the photoluminescence is relatively easy to explain. 

For group IV materials, such as silicon and germanium, the photoluminescence of the 

quantum dots is more complex. Both Si and Ge are indirect band gap semiconductors. 

But when their size is below the exciton Bohr radius, their energy levels are confined in a 

small environment and a direct energy transition between the Valence band and the 
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conduction band becomes possible, explaining the strong luminescence observed for 

silicon and germanium quantum dots.24,25 

 

1.2.3. Nanoparticle formation 

Two different ways of preparing nanoparticles have been developed, called “top-down” 

and “bottom-up”. The “top-down” approach links to physical synthesis methods, where 

the nanostructures are obtained starting from the bulk materials and essentially by 

carving out the nanoparticles. Those methods include for example etching, laser 

ablation, lithography or sonication.26-28 Regarding the nanoparticle size, the “top-down” 

approach is more appropriate to the bigger nanoparticles (> 50nm diameter). Achieving 

smaller particles would require more complex equipment and it would not be a 

favourable choice for large scale commercial production.  

The “bottom-up” approach refers to chemical synthesis methods. In the “bottom-up” 

approach, the synthesis starts from species at the atomic scale and particles grow until 

reaching a nanometric size. “Bottom-up” types of synthesis deal with either gas or liquid 

phase approaches. Molecular beam epitaxy (MBE), chemical vapour deposition (CVD) 

and solution phase synthesis are examples of “bottom-up” synthesis. Vapour phase 

synthesis offers a good control over the structure and composition of the product, but 

requires high vacuum atmospheres and high temperatures, highly energy consuming. 

Solution phase synthesis allows a great particle size control without the requirement of 

expensive equipment or high temperature. Furthermore, reagents are relatively cheap 

and no dangerous solid by-products are produced during most syntheses make solution 

phase synthesis the strongest candidate for later stage mass production. 

As most of the properties of the nanoparticles are size-dependant, their monodispersity 

is a very important factor. Monodispersion can be described as a regularity of size, 

composition and shape among the nano-sized objects and is usually considered to be 

inferior to 10% of particle size distribution.29  

A solution phase synthesis requires the use of a precursor and a surfactant. A precursor, 

usually a metal salt or a complex containing the desired ions, is either decomposed by 
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temperature or reduced by a reducing agent and atoms become monomers that 

aggregate to form particles.  Surfactants can bind to the surface of the nanoparticles, 

limiting their growth and controlling their final size and shape.30 

The mechanism of formation of nanoparticles is commonly described in the literature 

using the LaMer model, which gives a theoretical explanation to the production of 

monodisperse sulphur hydrosols.31  

 

Figure 1.6: LaMer diagram representing the three stages (I, II and III) of nanoparticles 

growth depending on the concentration of monomers as a function of time.31 

The bottom-up model is composed of three phases relating to the nucleation and 

growth of nanoparticles. In stage I, as the decomposition progresses, the concentration 

of monomers increases. The production of monomers stops when the concentration 

reaches the super-saturation state, which corresponds to the maximum concentration 

of monomers (Cmax). At this point (phase II), the monomers start to form stable nuclei, 

and so the concentration of those monomers decreases. Cmin corresponds to the 

minimum concentration of monomers to form nucleis. During the stage III, the growth 

process takes place by diffusion of the remaining monomers in solution onto the surface 

of the nuclei and thus forming nanoparticles. In order to obtain monodisperse 

nanoparticles, the duration of the nucleation phase has to be decreased to a single 

event, called ‘burst nucleation’. The simultaneous nucleation insure of the uniformity in 

growth of the nanoparticles, leading to monodisperse nanocrystals in solution.  
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1.3. Group IV materials 

1.3.1.  Silicon 

Silicon is the second most abundant element in the Earth’s crust. It is widely used in 

electronic technology for its low cost and electronic properties. In the bulk form, silicon 

has an indirect band gap of 1.12 eV (1100 nm). Due to this indirect bandgap, bulk silicon 

exhibits almost no photoluminescence at any wavelength. But under quantum 

confinement, the indirect band gap energy levels change and silicon has been found to 

exhibit the properties approaching that of a pseudo-direct band gap material. The 

discovery of this quantum effect on silicon is relatively recent, as it has been reported 

for the first time in 1991 by Canham who discovered visible photoluminescence 

emission of porous silicon.32 Since then, a considerable number of studies have reported 

the synthesis of silicon nanostructures, from nanoparticles to nano film depositions. The 

methods used have involved either a physical or a chemical approach. Most of the 

possible applications in electronic devices would require that silicon quantum dots 

display tuneable fluorescence and absorption wavelengths. Many different 

photoluminescence wavelengths have been reported in the literature.32-37 The PL 

properties are strongly dependent to the size of the nanocrystals, suggesting a direct-

type energy transition in the quantum confinement size region. The surface capping of 

the silicon dots are also playing an important role in the emission of 

photoluminescence.38-41 Most physical methods reported thin films with a thin oxide 

layer on the surface, or silicon nanoparticles in a SiO2 matrix. The Si-O bond on the 

surface of oxidized quantum dots leads to wider spectrum emission, with 

photoluminescence up to 700 nm. The origin of this fluorescence is more challenging to 

explain than the direct band gap transition. The principal theory invokes defects at the 

interface between the Si core and the SiO2 shell.42-44 Using the solution phase reduction 

synthesis, the surface can be modified to produce either hydrophobic to hydrophilic 

surface suing various organic molecules.45 Those organic molecules play a role in the 

photoluminescence phenomenon. But the strong blue to green luminescence combined 

with a surface hydrophobic or hydrophilic property makes silicon quantum dots suitable 

for diverse utilization, from optical to biomedical applications.46,47 
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Several silicon quantum dot synthetic methods are already reported in the literature. As 

an example of physical synthesis, Kortshagen produces SiQDs via a gas-phase plasma 

approach.48 These employing the solution phase approach, Veinot’s, Tilley’s, Kauzlarich’s 

and Korgel’s are the leading groups. Veinot and co-workers reported the thermal 

decomposition of hydrogen silsesquioxane (HSQ) producing oxide embedded silicon 

nanocrystals that are acid etched using hydrofluoric acid.49,50 Before using Veinot’s 

method, Korgel developed a synthesis method using supercritical solvents.51-53 

Kauzlarich reported silicon quantum dots synthesized via the decomposition of NaSi 

salts.54,55 In 2005 was first reported the sized controlled synthesis of SiQDs via the 

microemulsion process by the Tilley group.56 

Silicon crystallises in a diamond-cubic type structure. The lattice parameter at ambient 

conditions of temperature and pressure has a dimension of 0.543 nm. The energy level 

structure represented in figure 1.7.b shows the indirect band gap nature of bulk 

silicon.57,58 

    

 

Figure 1.7: a) Silicon diamond-cubic crystal structure and b) silicon energy levels in 

function of wavevector at 300K. 57,58 

The different possible energy transitions between the Valence band and the conduction 

band in silicon crystals are represented in figure 1.7.b. The energy values listed 

correspond to energy transitions between atomic positions in the reciprocal space. The 

variation in wavevector between the maximum energy value of the Valence band and 



  

12 
 

Chapter 1: Introduction 

the minimum energy of the conduction band confirms the indirect nature of the band 

gap of silicon.  

1.3.2. Germanium 

Germanium is the third element of the group IV and has many features similar to silicon. 

Ge also crystallises in the diamond cubic structure and presents an indirect band gap of 

0.66 eV (1880 nm) at 300 K in the bulk form. Figure 1.8 represents the energy band 

structure as a function of wavevector k. The energy values listed correspond to energy 

transitions between atomic positions in the reciprocal space. In a similar way than 

silicon (fig. 1.7.b), the variation in wavevector between the maximum energy value of 

the Valence band and the minimum energy of the conduction band confirms the indirect 

nature of the band gap of germanium. By decreasing the size of the crystal below the 

excitonic Bohr radius of 11.5 nm, germanium exhibits direct band gap material 

behaviour, thus imparting a strong photoluminescence in the visible region.59 The Bohr 

radius value of germanium is much larger than for silicon, allowing the germanium to 

maintain the fluorescent properties at much larger sizes. 

 

Figure 1.8: Wavevector dependence of the band structure of germanium at 300 K.60 

Germanium nanocrystals have been less intensively studied than silicon, mostly due to 

the better resistance to temperature and lower price of silicon. However, several 

synthetic methods for germanium nanocrystals have been reported, including solution 

phase synthesis.  
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Regarding the physical synthesis methods, Kortshagen and co-workers reported a 

nonthermal plasma dissociation of germanium tetrachloride producing Ge nanoparticles 

in the 4-50 nm size range.61 Stoldt et al reported the preparation of 3 to 14 nm sized 

freestanding germanium nanocrystals by ultrasonic aerosol pyrolysis.62 The solution 

phase synthesis methods are the most reported for the formation of germanium 

nanoparticles. Kauzlarich et al reported a solution method using combination of NaGe 

with GeCl4
 or NH4Br.63,64 Also, butyl-capped crystalline Ge nanoparticles were 

synthesized at room temperature in dimethoxyethane by reduction of GeCl4 with 

sodium naphthalide and subsequent reaction with butyl Grignard reagent, followed by 

annealing at 550-600°C to obtain crystalline particles.65 Lu and co-workers formed 

germanium nanocrystals by thermolysis of germanium precursors in supercritical 

solvents.66 An ultrasonic solution reduction method based on the reduction of GeCl4 by 

metal hydride or alkaline in ambient condition has been reported by Wu et al.67 The 

nanocrystals with a 5 nm size exhibit a 352 nm photoluminescence emission. Wilcoxon 

and co-workers described an inverse micelle synthesis by reduction of an ionic salt by 

lithium aluminium hydride.59
 A PL in the range 350–700 nm was observed from 

nanocrystals 2–5 nm in size. Tilley et al reported the reduction of GeCl4 using a strong 

reducing agent produces Ge quantum dots with a narrow size distribution.68,69 The 

surface is modified by allylamine to render the nanoparticles hydrophilic. 420 to 480 nm 

photoluminescence emission peaks are observed. 

The influence of the surface chemistry and the particle size of the germanium 

nanocrystals synthesized by solution phase synthesis on the optical properties needs to 

be investigated. The visible photoluminescence wavelength exhibited by small 

monodispersed particles makes germanium quantum dots suitable for applications in 

opto-electronic devices.  

 

1.3.3. Tin 

Tin is the fourth element in the group IV or 14 of the periodic table. Tin is a well-known 

metal for having a low toxicity. In its bulk form, tin is still used as coating for food 

packaging, in electrical components or ornamental objects. The ordinary form of the tin 
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is called white tin or β-tin. It exhibits a tetragonal crystal structure. Compared to noble 

metals, metallic tin presents a relatively low melting temperature of 232°C.70 

Below 13°C, β-tin transforms into a diamond cubic-type structure, also called grey-tin or 

α-tin.71 This transformation between β and α tin provokes a deformation at a 

macroscopic scale of metallic tin objects, called “tin pest”. The cubic arrangement of α-

tin presents the properties of a semi-conductor, with a bandgap of 0.08 eV.  

                  

Figure 1.9: On the left, the α-Sn cubic structure, with lattice parameters being a = 6.341 

Ǻ and on the right β-Sn structure with lattice parameters of a = 5.813 Ǻ, and c = 3.18 Ǻ 

β-tin nanoparticles have been intensively studied. Li et al prepared tin nanoparticles 

from the bulk state via ultrasonic dispersion.72 The nanoparticles ranged from 50 to 

3500 nm decreasing size with ultrasound power. Lai et al reported a thermal 

evaporation process and Zou et al synthesized β-tin nanocrystals by chemical reduction 

using sodium borohydride.73,74 All those studies describe synthetic methods for 

tetragonal phase of tin and a surface oxidation. No surface treatment has been 

conducted on the nanoparticles so they spontaneously form a shell of SnO/SnO2 by 

exposure to air. Huang et al reported the fabrication of β phased tin-based nanocrystals 

in a matrix by using a co-sputtering technique.75 They found that the nanocrystals have 

the propensity to oxidize in a SiO2 matrix, while in a nitride matrix, which is a reducing 

environment, tin nanocrystals are not subject to oxidation.76 Nanosized β-tin crystals 

also present a melting temperature depression by decreasing average particle size. 

White tin nanocrystals can be used to replace noble metals, such as gold or silver, for 

many applications as low melting temperature metallic nanoparticles. Jo et al. reported 
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a conductive ink application of small and monodisperse Sn nanocrystals obtained by 

reduction of tin acetate.77 The conductivity measurements are of comparable order of 

magnitude to noble metals (Au, Ag). Cui et al synthesized nanorods by chemical 

reduction in presence of a dodecyl sulphate surfactant and they observed the melting 

temperature decrease with nanostructure size and described their application as 

nanosoldering materials.78  

Concerning the grey-cubic phase of tin, no solution-phase synthesis of pure α-tin has 

been reported yet. This phase has already been obtained by physical methods. Wang et 

al reported the cubic phase of tin confined in a nanotube of tin oxide, SnO2.79 This 

structure has been achieved by molecular beam epitaxy. They observed an increase of 

the stability temperature of the diamond cubic phased tin from 13.2°C in the bulk form 

to up to 700°C. The stabilization of α-tin has also been reported by Asom et al in the thin 

film form, deposited onto InSb substrates by molecular beam epitaxy.80  

The tin nanoparticles presenting the diamond cubic structure are expected to behave as 

a semiconductor. As the bulk α-tin have a band gap of 0.08 eV, an infrared 

photoluminescence emission would be expected. For smaller nanoparticles, if the 

nanoparticles enter the quantum confinement regime, there would be an expected 

increase in the bandgap and consequently a blue shift of the PL emission. 

 

1.3.4. Tin-germanium alloy or composites 

A possible way to stabilize the grey tin structure at temperatures higher than 13.2°C, the 

transition temperature for conversion into white tin at ambient pressure, would be to 

alloy tin with another material with diamond cubic structure. Silicon and Germanium 

spontaneously crystallise in the diamond cubic form and some examples of such an alloy 

with tin have been reported in the literature.83-84 Potentially, tin/germanium alloy can 

lead to an interesting semiconductor.81 

The Sn-Ge solid solution presents a very low solubility of germanium into tin. King et al 

stated a maximum concentration of 1% of Ge into Sn.82 This very low solubility is 

probably due to the large lattice mismatch between the two elements, which are 5.646 
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Å for Ge and 6.489 Å for α-tin and to the fact that at ambient conditions of temperature 

and pressure, the cubic-phase of tin is unstable. 

 

Figure 1.10: Variation of energy levels disposition in Ge1-xSnx alloys.81 

 

Interestingly, the character of the band gap changes with the concentration of tin in the 

solid solution Ge1-xSnx. At very low concentrations (x < 0.25), the band gap transition is 

indirect, as the one of bulk germanium, but with increasing tin concentration, the band 

gap becomes direct.81 At higher concentrations (x > 0.70), GeSn alloys exhibit the 

properties of a semimetal. The greek letters Г and L represent atomic positions in the 

reciprocal space and their associated energy transitions. 

Pukite et al reported a single phase SnxGe1-x grown by molecular beam epitaxy, with x up 

to 0.3.83 They observed that above this concentration of 30% of tin, the film causes 

phase separation into the tetragonal β-tin phase. Kouvetakis and co-workers developed 

the growth of Ge1-xSnx alloy, with 5% < x < 25%, by chemical vapour deposition.84 They 

reported a high thermal stability of the cubic structure up to 600°C. The diffusion of 

germanium in tin has also been used for the growth of germanium nanowires, using tin 

nanoparticles as seeds. It seems that no solution phase synthesis of Sn-Ge alloy with a 

diamond cubic structure has been reported in the literature. 
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1.3.5. CZTS  

Cu2ZnSnS4 or CZTS is a quaternary semiconductor composed from cheap, abundant and 

non-toxic materials: copper, zinc, tin and sulphur. It has received an increasing interest 

since the late 2000s for its application in solar cells as a light-absorbing material.85  

Quaternary semiconductor nanostructures are challenging to synthesize, because of 

difficulty in controlling the stoichiometry and the coalescence of the four elements 

together to form one unique structure. 

CZTS has a direct band gap comprised between 1.4 and 1.5 eV, which is the ideal band 

gap for high efficiency third generation photovoltaics.86,87 CZTS also benefits from a 

large absorption coefficient.88 

CZTS can be found in two different crystal structures. The most favourable structure is 

the tetragonal kesterite structure. CZTS can also be found in the stannite crystal 

structure. More recently, CZTS has been synthesized in a hexagonal wurtzite 

configuration.92  

 

Figure 1.11: CZTS kesterite crystal structure. (Orange: Cu, grey: Zn, blue: Sn, yellow: S). 

 

CZTS are mostly reported in the form of thin films. CZTSSe (kesterite-type crystal 

structure) solar cells were first reported by Katagiri in 1996, with 0.66% power 

conversion efficiencies for the initial vacuum-deposited devices.89 Recently, a solar cell 

based on a CZTS thin film achieved a 11% efficiency.90 
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CZTS nanoparticles can be synthesized via a solution phase process. CZTS nanocrystals 

are compatible with deposition techniques such as printing and casting, each of which 

are well-established industrial procedures.91 Solution-phase synthetic processes have 

the potential for a good phase and size control. One-pot synthesis by temperature 

decomposition methods have been reported to be successful for both the wurtzite and 

kesterite phases.92-94 In this research will be investigated the effect of the solvent 

environment on the CZTS nanoparticles size, shape and structure in colloidal synthesis. 

Also, the synthesis via chemical reduction will be investigated, which is unprecedented 

for CZTS nanocrystals, with the aim to reach a better size control and possibly reach the 

quantum confinement regime, only reported by Khare et al in 2011.95 
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2. Experimental techniques 

 

This chapter summarizes first the synthesis methods used for all the nanoparticles 

reported in this thesis. Secondly will be introduced all the techniques used to 

characterize the nanoparticles synthesized in this research. 

2.1. Synthetic techniques 

All the nanoparticles described in this thesis were synthesized via either the 

microemulsion synthesis techniques, high temperature decomposition techniques or 

hot injection methods. This section describes the synthetic techniques and the post-

formation treatments: surface modification and purification. 

2.1.1. Microemulsion synthesis 

The chemical reduction synthesis in reverse-micelles or microemulsion synthesis is a 

method carried out in a Schlenk tube at room temperature under a nitrogen 

atmosphere to avoid oxidation. This method is often described as water in oil system. 

Reverse micelles are formed by mixing a surfactant, either non-ionic aliphatic polyethers 

or quaternary ammonium cationic surfactants, presenting both hydrophobic and 

hydrophilic functional groups, in an organic solvent. The precursor, usually an anhydrous 

ionic salt, is chosen insoluble in the organic solvent and, when added to the mixture, it is 

confined within the reverse micelles. With addition of a reducing agent to the reaction 

mixture, the metal salt is reduced within the micelle and the metal atoms are reduced to 

their elemental state. When the concentration of atoms reaches the saturation level, 

the nucleation starts and particles are formed within the micelles, limiting the size of the 

nanoparticles. This technique was first developed for the synthesis of metallic 

nanoparticles. Semiconductor nanocrystals were first reported by the Wilcoxon’s group 

for silicon and later Tilley et al reached the production of small monodisperse particles 

via this technique.1,2 

In the case of silicon and germanium nanocrystals, a capping molecule is added to 

replace the surfactant attachment on the surface of the nanoparticles, to avoid 
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complete oxidation. A capping molecule is necessary to impede aggregation and prevent 

oxidation. By exposure to air, tin nanoparticles synthesized by microemulsion system 

spontaneously form a thin oxide shell. 

2.1.2. Surface modification 

The use of a hydride reducing agent leads to the formation of nanoparticles with 

surfaces terminated by a hydrogen bond. As this bond is weak, by exposure to air, silicon 

and germanium are prone to oxidation. The surface termination can be tuned by 

reaction with a variety of organic molecules. The capping molecule can be either 

hydrophobic or hydrophilic, which leads to multiple possible applications for the 

quantum dots, including their use as biological markers.2 A hydrophilic surface is a 

challenge and essential for use in biology. Given that the surface area to volume ratio in 

a nanoparticle is large compared to bulk materials, the surface ligand can have a major 

impact on the properties of the nanocrystals. 

In the case of silicon, the modification of the surface ()-H bond into a ()-C covalent bond 

occurs in presence of compounds with unsaturated C-C bonds. The unsaturation of an 

organic molecule for hydrosilylation has to be initiated using heat or light or Pt-based 

catalysts. In this research, the surface modification was conducted via UV-light 

irradiation. Swihart first reported the modification of the surface chemistry on silicon 

quantum dots by UV-light irradiation.3,4 

2.1.3. High temperature decomposition and hot injection synthesis 

The high temperature decomposition synthesis and hot injection synthesis methods are 

based on the decomposition of a metal precursor at elevated temperature, in the 

presence of a binding high boiling point organic solvent. The precursor is an 

organometallic compound or a metal salt. To avoid oxidation, the reaction is performed 

under an inert nitrogen atmosphere. The distribution of size of the nanocrystals can be 

limited by the use of a surfactant molecule or a highly coordinating solvent. 

Both types of reaction are carried out in a three necked flask. In the high temperature 

decomposition, the precursors are mixed with the solvent at room temperature before 

heat treatment. In the hot injection synthesis process, the precursors are injected in the 

flask containing the hot solvent. The temperature is set higher than the decomposition 
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temperature of the precursor, so that nuclei are created by the precursor 

decomposition and can agglomerate to form particles. The size and shape of the 

nanoparticles are controlled by changing parameters, such as temperature, 

concentration, solvents and precursors. The hot injection method allows a better size 

control of the nanoparticles because of a shortened nucleation time. 

2.1.4. Purification 

In order for the nanocrystals to be properly characterised, an extensive purification to 

remove by-products of the synthesis, including excess of surfactant and other impurities 

is required.  

In this research, three main purification methods are investigated, depending of the 

characteristics of the produced nanoparticles. Tin, metal sulphides and CZTS 

nanoparticles are purified by separation using a centrifuge, while silicon or germanium 

quantum dots can be purified by size exclusion column chromatography or liquid-liquid 

phase separation technique. 

As-synthesized tin, metal sulphides and CZTS nanoparticles are capped by a non-polar 

surfactant, such as oleylamine, and are stable in non-polar solvents. Mixed with a polar 

solvent such as methanol or ethanol, the particles can form a destabilized suspension of 

aggregated particles. The centripetal acceleration produced by the fast rotation of the 

centrifuge can separate two phases by the sedimentation principle. The solid 

nanoparticles are collected at the bottom of the centrifuge tubes, while the surfactant 

and other organic impurities remains in the solvent. The process can be repeated 

several times for an effective removal of the excess of impurities. 

After the synthesis of silicon or germanium quantum dots, the solution contains excess 

of surfactant and lithium or sodium salts, resulting from the decomposition of the 

reducing agent that needs to be removed before characterization of the nanocrystals. Si 

and Ge NPs are too light to be separated using the centrifuge technique. The size 

exclusion column chromatography purification of nanoparticles has first been reported 

by Colvin et al for alkyl terminated cadmium selenide quantum dots.5,6 In this research, a 

Sephadex LH-20 liquid chromatography media was used. The spherical cross-linked 

dextran beads, with a size comprised between 25 and 100 μm were placed in a column 
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with methanol or toluene. By running the sample through the column, the different 

components can be separated depending on their size and the quantum dots can be 

collected by separating a fraction of the solvent (fig. 2.1) at the bottom of the column. 

QDs containing fractions are identified by their blue fluorescence.  

 

Fig. 2.1: Functioning of a size exclusion column 

Another way to purify the Si and Ge nanoparticles is the liquid-liquid phase separation, 

reported by the Tilley group.2 This purification method is based on the polarity 

differences between the capping molecule attached to the surface of the quantum dots, 

the surfactant and other impurities. The nanoparticles capped with non-polar 

molecules, such as alkyl-terminated are washed several times with a mixture of hexane 

and N-methylformamide. The hexane phase will contain the nanocrystals and all polar 

impurities will be attracted in the polar phase. The isolation of the non-polar phase will 

separate the quantum dots from the impurities. The process has to be repeated several 

times to achieve a complete  separation of the nanoparticles.  

2.2. Characterization techniques 

2.2.1. Transmission electron microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a powerful technique for structural and 

morphological characterization of nanomaterials. The basic principle of a TEM is 

analogous to  an optical microscope, except that the light is replaced by a stream of 

electrons. Imaging nanoparticles is not possible with an optical microscope due to 

magnification limitation. The highest resolution obtainable for any microscope is half of 

the wavelength used and the electrons have a much shorter wavelength than visible 



  

33 
 

Chapter 2: Experimental techniques 

light, giving the electron microscopes a much higher resolution than optical 

microscopes.7  

Most electron microscopes contain a thermionic source in the form of a tungsten 

filament or a lanthanum hexaboride (LaB6) single crystal as an electron source that 

produces an electron beam. Field emission TEMs exploit a tungsten needle subjected to 

a strong electrostatic field.8  The wavelength of an electron is directly correlated to the 

accelerating voltage applied through the relation: 

  
 

√    
 

Where λ is the electron wavelength, h is the Planck constant, m is the mass of the 

electron and eV is the charge of an electron.  

A TEM is mostly composed of one vertical column. A schematic of a typical TEM set-up is 

presented in figure 2.2. The electron source is located at the top and the beam of 

electrons is condensed and oriented by means of condensers and a series of 

electromagnetic lenses. An image of the sample is projected on a fluorescent screen at 

the bottom of the column. The system is maintained under high vacuum conditions to 

prevent undesirable scattering of the imaging beam of electrons. Samples are placed on 

a specimen holder in the direct path of the electron beam. Electrons encountering no 

objects are not subject to deviations, but e- are diffracted by the sample, with elastic 

and inelastic scattering. TEM exploits electrons scattered elastically, which conserve 

their energy. Scattering phenomena are related to the atomic number of each element, 

leading to an enhanced contrast for heavy elements; high atomic number elements are 

more prone to occlusion or absorption of imaging electrons, resulting in a darker area 

on the image. Inelastically scattered electrons are exploited by other techniques, such as 

energy dispersive X-ray spectroscopy (section 2.2.3).9 

Transmission electron microscopy offers important advantages over other techniques in 

the characterization of nanocrystals. Nevertheless, the resolution of TEM suffers from 

limitations due to aberrations created along the column.  Any imperfection in the 

objective lens will result in an astigmatism. Also, the variation of electron energy within 



  

34 
 

Chapter 2: Experimental techniques 

the beam leads to chromatic aberrations, which is a distortion of the image due to a 

difference in focal points of the magnetic lenses for different wavelengths.10 

The image can also be viewed and recorded with a digital camera or printed on a film by 

an analogue camera. 

For this project, a JEOL 2010 transmission electron microscope was used. The 

acceleration voltage is set at 200 kV. The electron source is a LaB6 single crystal filament. 

Samples are dispersed into an organic solvent and a drop is deposited onto an 

amorphous carbon coated TEM grid. 

 

Fig. 2.2: Schematic of a typical set up of a TEM instrument.11  
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Low resolution TEM images enables to characterize nanoparticles by their size and 

shape. A size distribution can be determined by measuring particles over different areas 

of the sample using the program ImageJ and the distribution is plotted in the form of a 

histogram presenting the measured sizes by frequency count. The difference between 

two phases can be determined by a difference in contrast on the image. High resolution 

TEM images can be obtained at high magnifications (400.000x or higher). With high 

resolution imaging, it becomes possible to image at the atomic level and crystalline 

lattice fringes can be observed. The spacing between those lattice fringes gives 

information about the atomic arrangement and the crystal structure of a nanoparticle.  

2.2.2. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is another electron microscopy techniques widely 

used in the nanoscale technology. Contrarily to the TEM, the SEM allows the imaging of 

samples in three-dimensions. It provides information about the morphology and the 

topography of a sample.12 At Victoria University, we use a JEOL 6500F Field-emission 

SEM, with a range of resolution from 25x to 500,000x.  

A tungsten filament is used as an electron source. The beam of electron is accelerated 

by a potential difference and directed onto the sample. When the electron beam 

encounters matter, three main interactions give detectable signals. The inelastic 

scattering of the incident electrons produces secondary electrons that give a 

topographic image of the sample. The incident electrons can also be scattered elastically 

by the nucleus of the atoms. The produced electrons are called back-scattered 

electrons. This interaction depends on the atomic number of the atoms, giving an 

elemental contrast on the image obtained with the backscattered detector.13 Finally, X-

rays are emitted by relaxation of electrons after excitation by the incident e- beam. 

These X-rays are detected by an EDS detector (see section 2.2.3). 

2.2.3. Energy dispersive X-ray spectroscopy (EDS) 

The Energy Dispersive X-ray spectroscopy (EDS) is a technique used to determine 

quantitatively the elemental composition of a material by giving a percentage of each 

element present in a desired area of the sample.14 The EDS detector is associated to the 
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electron microscopes, TEM or SEM. When the electron beam hits the sample, the high 

energy electrons give enough energy to remove an electron from an inner shell of an 

atom, creating a hole. An electron from the outer shell will replace the vacancy created, 

releasing some of its energy by producing a photon of X-ray radiation. The EDS 

technique is based on the detection of those X-rays that are characteristic of each 

element of the periodic table. The recorded spectra present peaks for each element 

detected. Copper and carbon are usually present on the spectra due to the carbon 

coated copper grid used for TEM imaging. 

EDS can also be an area specific technique, called EDS mapping. The EDS data is 

synchronized with an SEM or TEM image to provide an elemental image. 

However, with EDS, some constraints are notable. EDS can only detect elements heavier 

than Beryllium. The accuracy of the measured elemental percentage value can have a 

deviation up to ±5%. EDS detector have also a limit to the numbers of X-rays that can be 

analyzed at a time, favouring the lower emissions rather than the higher emissions.15 

 

2.2.4. Diffraction techniques: X-ray powder diffraction (XRD) and 

selected area electron diffraction (SAED) 

Crystals are ordered materials defined by atomic planes. When a radiation, either X-rays 

or electron beam, is directed onto a crystal, the radiation can be scattered by the atoms 

on a specific crystal planes. Bragg’s law establishes a relationship between the different 

atomic spacings in the crystal, the wavelength of the radiation and the angle of the 

diffracted beam. It can be described mathematically by: 

nλ =2dhklsinθ 

where n is an integer representing the order of reflexion, λ is the wavelength, dhkl is the 

interplanar distance and θ is the diffraction angle. h, k and l are called Miller indices, and 

correspond to the directions of the planes along the reciprocal lattice.  
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Fig. 2.3: Illustration of Bragg’s law.16 

Powder X-ray diffraction is measured on a solid sample packed in a holder. The surface 

of the sample must be flat to avoid aberrations. The XRD machine used in this research 

is the PANalytical X’Pert Pro Multi-Purpose diffractometer with a copper Kα source 

(λ=1.5406 Å). To measure the diffraction created by a sample, the source and detectors 

are rotated by the same angle θ. The spectra obtained represent the intensity of the 

reflection in function of the angle 2θ. The structure of the sample can be determined by 

comparison to a JCPDS database. The spinner stage was used to remove orientation 

aberrations. 

The average particle size can also be determined by diffraction measurements. The 

decreasing size of the particles induces a broadening of the diffraction peaks. By 

measuring the FWHM (Full width at half maxima), it is possible to estimate the 

crystallite sizes of a sample using the Scherrer equation, given by: 

  
  

     
 

Where τ represents the crystallite size, K is the shape factor (constant estimated at 0.9 

for spherical particles), λ is the wavelength of radiation, θ is the reflection angle and β is 

the full-width at half maximum of the peak.17 

XRD is limited in the resolution of nanostructures. For crystals with around 100 atoms or 

fewer, XRD would discern with difficulty the crystal orientations. Also, a peak overlay 

may happen in multiple phases samples, complicating the phase or crystal structure 

identification. 
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The selected area electron diffraction technique is associated with the TEM. The 

electrons are scattered by the planes of atoms in a limited field of view. The diffraction 

image is obtained by changing the objective aperture used for imaging for the 

intermediate aperture. The diffraction of the electron beam by the sample gives rings or 

a series of spots. If the area selected for diffraction is a single crystal, the image will be 

presenting spots that can be measured and compared to the reciprocal lattice of the 

crystal. If the area presents multiple crystal orientations, for example for small and 

densely packed nanoparticles, the SAED diffraction image will be in the form of rings. 

The diameters of the rings correspond to atomic d-spacings. Rings diameter can be 

measured and d-spacing are calculated depending on the camera length, the electron 

wavelength and the diameter of the rings. The rings are then indexed by comparison 

with a JCPDS reference database.  

 

Fig. 2.4: SAED pattern of β-tin nanoparticles with the indexation of each diffraction rings 

to the d-spacings corresponding to the (200), (101), (220) and (211) orientations. 

Electron diffraction can be taken by a digital camera or on photographic film with an 

analogue camera. 

2.2.5. Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a vibrational spectroscopy technique 

that characterizes qualitatively a material by identifying the chemical bonds in the 

material.18 When an infrared radiation, typically in the range 10,000-100 cm-1, 
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encounters matter, it produces molecular vibrations.  With each bond type absorbing a 

different wavelength, a compound can be identified by the IR frequencies absorbed. 

After a Fourier transform treatment of the signal, a typical spectrum of the material can 

be displayed. For the study of semiconductor nanoparticles, FTIR spectroscopy allows to 

determine the chemical structure of the capping molecules and their attachment to the 

surface of the nanocrystals. FTIR spectroscopy is especially important for the study of 

silicon and germanium quantum dots whose surface can be modified by hydrophilic or 

hydrophobic molecules. 

The infra-red spectrometer used in this research project is a Bruker Tensor 27. Samples 

are prepared by mixing a nanoparticles suspension in a volatile organic solvent into KBr, 

then drying the organic solvent for a few minutes in a 100°C oven and finally forming a 

pellet.  

2.2.6. Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) is a powerful non-destructive analytical tool that 

permits to ascertain molecular structures including relative configuration, relative and 

absolute concentrations, and even intermolecular interactions of a sample. In this 

research, we use NMR to assess the surface chemistry of silicon quantum dots.  

When an atom is placed in a magnetic field, its electrons circulate about the direction of 

the applied magnetic field. This circulation causes a small magnetic field at the nucleus 

which opposes the externally applied field. The specific resonance frequency depends 

on the intensity of the applied magnetic field and on the nuclei.19 

The electron density around each nucleus in a molecule varies according to the types of 

nuclei and bonds in the molecule. The magnetic field of each nucleus, opposed to the 

applied magnetic field, will vary depending on its environment. This is called the 

chemical shift phenomenon.20 

1H NMR enables to distinguish the different configurations of the protons and to 

estimate the relative position of every hydrogen atom in a molecule. 

1H NMR spectra were recorded on a Varian Unity Inova 500 MHz spectrometer. The 

nanoparticles must be thoroughly dried from any organic solvent. After removing most 
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of the solvent using a rotary evaporator, the samples were dried under vacuum 

overnight before being dissolved in a deuterated solvent.  

 

2.2.7. Optical characterization 

2.2.7.1. UV-Vis spectroscopy 

Ultraviolet-Visible spectroscopy is a technique used to determine the absorption 

wavelengths of a substance in solution or deposited onto a transparent substrate. For 

nanostructured materials, UV-Vis spectroscopy can be used to characterize the effects 

of the quantum confinement. Gold or silver nanoparticles for example absorb different 

colours according to their size distribution. A blue shift in the absorption maxima is 

often observed by decreasing size of nanomaterials compare to the bulk values. 

This technique is also useful for semiconducting materials. The edge of the absorption 

spectrum permits to get an estimation of the bandgap energy. When a photon in the 

electromagnetic wave hits the sample, it transfers its energy to the electrons in the 

Valence band. Only photons which energy is equal or higher than the bandgap of the 

material can be absorbed. So the bandgap can be estimated by the Einstein equation: 

 g      

Where h is the Planck’s constant, c is the velocity of light and λ is the maximum 

absorption wavelength. 

More accurately, the (Ahv)2 values , with A being the absorption coefficient, h the Planck 

constant and v the wavenumber, can be plotted as a function of photon energy to get a 

better an evaluation of the bandgap value by fitting an asymptotic line on the 

decreasing part of the curve and extrapolating to zero. 

The measurements are performed on diluted samples in organic solvents placed in 

quartz cuvettes or on samples deposited onto UV-transparent glass substrates. A Varian 

Cary 50 double beam Bio UV-Visible spectrometer was used to record the UV-Vis 

absorption measurements in this research. 
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2.2.7.2. Photoluminescence spectroscopy 

Photoluminescence spectroscopy is a technique used to determine the light emission 

processes in a fluorescent or phosphorescent sample. The solution is excited by a light 

radiation and the wavelengths emitted by the sample are recorded. The 

photoluminescence (PL) phenomenon occurs when an excited electron releases its 

energy by recombination with the hole in the valence band and thus emitting a 

photon.21 This light emission can be detected and measured using a spectrofluorometer. 

A Horiba Jobin Yvon Fluorolog-3 spectrofluorometer was used for PL measurements in 

this research. As well as for the UV-Vis absorption measurements, measurements are 

carried out on samples diluted in organic solvents placed 1 cm in four sided quartz 

cuvettes or on sample deposited onto Spectrosil glass substrates.  

The majority of the potential applications for semiconductor nanoparticles, including 

group IV quantum dots, involve their unique optical properties. These properties can be 

characterized by the combination of UV-Vis spectroscopy and PL measurements. 

A PL emission spectrum provides information about the wavelength emitted by a 

sample depending on the excitation wavelength. On the contrary, a PL excitation (PLE) 

spectrum reports which wavelengths provoke a given emission, by exposing a sample to 

the photoluminescence wavelength. PLE spectra are recorded with the same 

spectrofluorometer than PL measurements. 

2.2.7.3. Time-resolved photoluminescence spectroscopy 

Time-resolved photoluminescence measures the decay of the photoluminescence. It 

allows to estimate the time in which the electrons recombined with a hole in the 

Valence state after excitation. 

Using the following exponential decay function, 

I (t) = Io exp(- t / τ ) β 

Where τ is the characteristic PL lifetime and β is the dispersion exponent, the PL decay 

of fluorescent materials can be determined.22 β is used to approximate the decay 

function for quantum dots to a single exponential equation and palliate the fluctuations 

of single dot emission intensity, known as blinking.23  
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An estimation of the PL lifetime gives an indication of the type of transition creating the 

emission phenomenon. A fast recombination (≤10 ns) is characteristic of a radiative 

decay from the direct recombination of an exciton. It is usually associated to the direct 

or pseudo-direct bandgap transition in semiconductors nanocrystals (figure 1.4). PL 

decays in the order of μs or ms are of non-radiative nature, suggesting a defect driven 

photoluminescence. 

This technique was used at the University of Massachusetts-Amherst, USA with the 

collaboration of Boqian Yang from Michael Barnes’s group.  Boqian measured the PL 

lifetime of my silicon quantum dots in solution using his experimental set up.  

 

All the techniques described in this chapter were used in the research described in the 

following chapters. At the exception of the PL lifetime measurements, all the 

characterization presented was solely done by me. I would like to thank Victoria 

University for the access to the all the facilities used in this research.     
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3. Origin of the photoluminescence in 
silicon quantum dots 

 

Nanostructures of silicon are known to be photoluminescent in contrast to their bulk 

counterparts. The origin of this photoluminescence is still heavily debated in the 

literature. In this chapter will be investigated the optical properties of quantum dots and 

offer a theory towards their origin. 

The synthetic method to produce hydrogen terminated silicon quantum dots is based on 

the reverse micelle technique. The synthesis involves the reduction of a silicon salt using 

a hydride reducing agent. Wilcoxon and co-workers were the first to report the synthesis 

of silicon quantum dots using a reverse micelles technique.1 Tilley and co-workers 

refined this method to obtain monodispersed silicon quantum dots.2 The nanocystals 

growth is followed by the surface modification with organic molecules using UV-light to 

activate the hydrosilylation. After a purification process, the particles were 

characterized structurally and optically to propose an answer to the origin of the 

photoluminescence. Pursuing the work reported by Shiohara et al, the influence the 

reducing agent on the size of the nanocrystals and on their optical properties was then 

investigated, followed by the study of the role played by the surface chemistry of the 

silicon quantum dots, via the study of three different capping molecules: allylamine, 1-

hexene and 1-dodecene.3  

The nanoparticles were characterized by XRD, EDS, TEM and the size distributions were 

calculated from the low resolution TEM images. The surface attachments of the 

nanocrystals were characterized using FTIR and NMR spectroscopies. The optical 

properties of the quantum dots in solution were assessed using UV-Visible, 

photoluminescence and time-resolved photoluminescence spectroscopies. 
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3.1. Synthesis of silicon quantum dots 

The synthesis described in this section is using the reverse micelles principle. Several 

methods have previously been reported regarding the synthesis of silicon nanocrystals. 

Veinot and co-workers reported the thermal decomposition of hydrogen silsesquioxane 

(HSQ) producing oxide embedded silicon nanocrystals that were then etched using a 

hydrofluoric acid bath solution to obtain hydride surface-terminated silicon quantum 

dots.4,5 Kauzlarich et al produced silicon nanocrystals through the decomposition of Zintl 

salts via solution processor microwave assisted reactions.6,7 Korgel et al developed a 

silicon quantum dots synthesis using supercritical conditions.8,9 

After the synthesis of hydride terminated silicon quantum dots, the particles undergo a 

surface passivation process to render the nanocrystals stable in an ambient 

environment. Finally the purification process used to free the particles from surfactant 

molecules and other impurities generated during the synthetic route will be described. 

 

3.1.1. Hydride terminated silicon quantum dots synthesis                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

The synthesis of silicon in this study is based on the chemical reduction of a silicon salt 

by the mean of a hydride reducing agent. The reaction mechanism can be described as 

follows: 

2 SiX4 + 2 MBH4 → Si + 2 MX + 2 BX3 + H2 + SiH4 

Where X is a halogen, typically chloride and M represents an alkali metal, either sodium 

or lithium. This reaction must be carried out in a controlled oxygen free atmosphere to 

avoid oxidation. Also the production of silane and hydrogen gas must be taken into 

consideration and the reaction must be conducted with care. The rising concentration of 

Si monomers in the solution as the reduction of SiCl4 takes place allows the monomers 

to agglomerate and form nanoparticles. The particle growth is controlled by the 

confinement into the reverse micelles formed by the surfactant molecule in the solvent 

media.  

Silicon quantum dots are highly sensitive to oxidation without surface passivation. 

Before the surface passivation, the silicon quantum dots surface is terminated by a Si-H 
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bond, and is highly unstable in an oxygen containing environment, like air. 

Characterising silicon nanoparticles with hydride bonds on the surface requires the use 

of in-situ equipment that was not available for this study. The synthesized silicon 

nanocrystals were fully characterized after surface passivation. 

 

Experimental  

Either 0.5 g of C12E5 or 0.5g of TOAB was placed in a Schlenk tube sealed with a septum. 

The experimental set-up is presented in figure 1. The system was degassed under 

vacuum for 2 minutes then purged with nitrogen for 2 minutes. The degas/purging 

process was repeated three time to ensure that no oxygen was remaining in the 

reaction vessel. 50 mL of anhydrous solvent was injected in the mixture (hexane with 

C12E5 or toluene with TOAB). The solution was thoroughly stirred for ten minutes to 

render the mixture homogeneous and allow the surfactant to arrange itself in the 

micelle form. Then, 0.3 mL of silicon tetrachloride was injected swiftly in the Schlenk 

tube. After 10 minutes of active stirring, 4 mL of reducing agent (either lithium 

borohydride or sodium borohydride) was swiftly injected into the solution. In the 

formaly clear transparent solution is created a white precipitate. The reaction is left to 

run under nitrogen for at least one hour. 

This reaction must be conducted with precaution due to the production of hydrogen gas 

and silane.  



 

48 
 

Chapter 3: Origin of the photoluminescence in silicon quantum dots 

 

Figure 3.1: Schlenk tube set up for the synthesis of silicon nanocrystals 

 

At this stage the solution contains Si nanocrystals with a hydride surface termination 

which oxidizes rapidly if exposed to air. The surface needs to be passivated via 

hydrosilylation to render the particles stable in air and common solvents. 

 

3.1.2. Surface passivation 

To prevent the oxidation of the silicon nanocrystals, the surface of the nanoparticles is 

passivated with organic molecules. Grignard or alkyl reagents can be used to obtain alkyl 

terminated quantum dots.10,11 Rogozhina et al reported the carboxyl functionalization of 

silicon quantum dots through thermal hydrosilylation at 140°C in presence of a methyl 

ester.12 Korgel and co-workers described the alkoxy-functionalization on Si NPs via 

thermal decomposition of diphenylsilane in supercritical solvents.13 Warner et al 

reported surface modification of silicon quantum dots using a platinum catalyst.2 This 

method is suitable for organic capping molecules with various functional groups, but 

former studies conducted by Shiohara et al and the Tilley group related the production 

of platinum impurities due to the reduction of the platinum catalyst with the excess 

reducing agent necessary for the silicon quantum dots reaction.14 Alternatively, the 

method of hydrosilylation used in this study is based in the photo activation under UV 
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light, reported first by Swihart et al.15,16. The exposition to UV-light initiate the 

generation of a covalent bonding between silicon atoms and the organic molecule. A 

scheme of the hydrosilylation process is presented in figure 2. 

 

Figure 3.2: Scheme of the procedure used to modify the surface capping molecule of 

silicon quantum dots from hydrogen terminated to polar or non-polar groups (X).17 

Experimental 

The hydride terminated-Si quantum dot solution synthesized in section 3.1.1 was 

contained in a Schlenk tube sealed with a septum. The magnetic stirring was stopped so 

the white precipitate of salts, which are side products of the reduction of SiCl4 by the 

hydride reducing agent, could settle at the bottom of the tube. A 50 cm high quartz tube 

was sealed with a septum and freed of oxygen by three cycles of degassing under 

vacuum followed by purging with a nitrogen flow. Using an air tight syringe, the solution 

was transferred from the Schlenk tube to the quartz tube. Then 2 mL of capping agent 

(allylamine, 1-hexene or 1-dodecene) was injected into the solution. To homogenize the 

solution, the tube was shaken by hand. Silicon quantum dots do not precipitate but stay 

suspended in solution. The quartz tube was closed tightly to keep the nitrogen 

atmosphere and placed in a Rayonet UV-lamp set-up with a 254 nm wavelength. After 

UV treatment for four hours, the solution can be exposed to air without risking the 

oxidation of the silicon quantum dots. 

 

3.1.3. Purification 

After surface passivation, the silicon quantum dots are not sensitive to oxidation and the 

solution can be exposed to air. To remove side products, such as lithium or sodium salts 
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or excess surfactant, the nanoparticles need to be purified. Two methods have been 

used in this research. Solvent separation deals with the polarity differences between the 

particles and the surfactant impurities by dissolving them in two non-miscible solvents. 

This method has first been reported by Tilley et al in 2005 for silicon nanocrystals.2 This 

purification technique is generally used for non-polar capping molecules on the surface 

of silicon quantum dots. Size exclusion column chromatography is the other technique 

used here to purify nanocrystals. A nanocrystal solution is slowly passed through a 

column of silica beads, thus separating the particles by their size. 18,19 This method for 

nanocrystals purification was first been reported for nanoparticles of cadmium selenide 

by Colvin et al in 2005.18 

Experimental 

The nanocrystals capped with a polar molecule (allylamine) were separated from 

impurities by size exclusion column chromatography. The solution obtained after the 

capping process (see section 3.1.2) is transferred into a round bottom flask and the 

solvent is evaporated under vacuum using a rotary evaporator and reduced to 

approximately 10 mL. The solution was filtered using a Millipore 0.22 μm syringe filter 

before being concentrated to a 2 mL solution. After five minutes of homogenization in 

an ultrasonic bath, the solution was then put on top of the column (φ = 1 cm, 41.0 cm), 

containing Sephadex gel LH-20 (beads size 25-100 μm) as the stationary phase in HPLC 

grade methanol. The flow rate was set to one drop every four seconds, and fractions 

were collected every 50 drops. Each fraction was checked for luminescence with a 

handheld UV lamp (365 nm).  Luminescent fractions were collected and concentrated to 

1 mL under vacuum. The size exclusion process was repeated two or three times to 

obtain pure surface passivated silicon quantum dots. 

The nanocrystals with a non-polar surface can be purified by two or three cycles of size 

exclusion column chromatography using toluene as the solvent for the Sephadex LH-20 

gel.  The alkene capped silicon nanocrystals can also be purified by liquid-liquid phase 

separation chromatography. The solution after UV treatment is concentrated down to 

about 10 mL and filtered using a Millipore 0.22 μm syringe filter after five minutes in an 

ultrasonic bath. The solution is placed in a separatoring funnel and 15 mL of N-

methylformamide is added.  The funnel was sealed at the top and shaken energetically 
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with frequent gas release to avoid an air build-up in the funnel. The funnel was left to 

rest until the two phases were completely separated (at least 15 minutes). After three 

washes using N-methylformamide, the polar phase was changed for water. Three or 

more washes were necessary to remove most impurities from the silicon quantum dots 

solution.    

After this stage, silicon nanocrystals can be characterized with various spectroscopy 

techniques and transmission electron microscopy.  

 

3.1.4. Structural characterization  

In this section will be first described the characterization of the silicon core of the 

nanoparticles. We used a sample of silicon quantum dots capped with allylamine 

synthesized using LiBH4 for the structural characterization and the determination of the 

optical properties later.  

Using X-ray diffraction, we can evaluate the crystal structure of our nanoparticles and 

compare to a silicon standard.  TEM imaging enables an estimate to be made of the size 

and shape of the nanocrystals synthesized. Finally EDS spectroscopy gives information 

on the elemental composition of our particles. These techniques allow us to prove the 

pure silicon nature of the quantum dots.  

The crystalline nature of the nanocrystals can be assessed using X-ray diffraction 

spectroscopy (figure 3.3). The pattern is compared to the JCPDS card 27-1402 used as a 

standard for silicon crystalline structures.  
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Reflection 2 Theta (deg) 

measured 

2 Theta (deg)     

JCPDS card  

111 25.31 28.44 

220 46.54 47.30 

311 54.02 56.12 

331 79.45 76.38 

Figure 3.3: XRD spectrum of silicon quantum dots and the comparison of the peak 

position with JCPDS card 27-1402 

The diffraction peaks measured for the silicon nanocrystals sample we prepared using 

sodium borohydride are in good concordance with the reflection reported for the 

powder diffraction of silicon in the JCPDS card and confirm the diamond cubic structure. 

The four major diffraction peaks of silicon crystalline structures are observed and 

correspond to the scattering of the (111), (220), (311) and (331) planes. The slight shift 

towards smaller 2 theta values observed for our sample can be explained by the uniform 

strain that occurs in nanomaterials. The broadening of the peaks is explained by the 

non-uniform strain of the crystal lattice induced by the small size of the nanocrystals.20 

The XRD pattern obtained here is consistent with silicon nanostructures distorted due to 

their small size. The peak broadening can also be explained by a less precise channelling 

of the diffracted rays, otherwise described as less reflections meeting the Bragg 

condition.   
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The size and shape of silicon nanocrystals is assessed using the transmission electron 

microscope. Figure 3.4 pictures a representative image of silicon quantum dots. Using 

the variation of contrast between silicon quantum dots and the carbon-coated copper 

support grid, the shape can be determined and the size is evaluated by statistically 

averaging the measured diameter of the particles. Figure 3.4 represents nanoparticles 

synthesized using lithium borohydride as a reducing agent and allylamine as capping 

agent. The average size of the nanocrystals is estimated at 3.2 ± 1.6 nm. 

 

Figure 3.4: a TEM image of silicon quantum dots 

 

Using the same sample support as for the TEM analysis, EDS spectroscopy can be 

performed. Figure 5 is the energy dispersive X-ray spectroscopy (EDS) analysis the silicon 

nanocrystals. EDS measures the X-ray produced by a sample under a beam of electrons. 

The EDS detector is associated to the transmission electron microscope. As the X-rays 

produced are characteristic to each element, EDS proves the pure silicon nature of the 

nanocrystals.  
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Figure 3.5: EDS spectrum of silicon nanocrystals on a carbon coated copper grid 

 

The sharp peak at 1.75 keV is associated with the silicon element, giving confirmation 

that the nanocrystals observed are composed of silicon. The peaks allocated to copper 

and carbon are due to the TEM grid, which was used as a support for the nanocrystals. 

XRD, TEM and EDS demonstrate the pure silicon nature of our quantum dots. The optical 

properties are then to be assessed. The next section will offer an elucidation to the 

physical and optical of silicon quantum dots synthesized using the reverse micelles 

synthesis protocol. 
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3.2. Optical properties of silicon quantum dots and their origin 

In its bulk form, silicon presents an indirect band gap and, consequently, no visible 

fluorescence. Silicon nanostructures have been reported to emit light in various 

wavelength regions, principally either red or blue luminescence.21-25 Following our 

synthetic method, a silicon quantum dots solution has a slight yellow colour and it 

displays a bright blue photoluminescence under excitation to UV light, as it is pictured in 

figure 6. 

 

 

Figure 3.6: allylamine-capped silicon quantum dots in water under ambient light on the 

left and under UV light on the right 

 

Standard measurements to evaluate the optical properties of silicon quantum dots 

consist of first absorption spectroscopy followed by photoluminescence spectroscopy. 

With absorption measurements, we want to quantify the energy required to excite an 

electron from Valence to conduction band in our quantum dots and speculate on the 

electronic transitions occurring. The absorption wavelength range also defines the 

spectral region for future fluorescence measurements. As many compounds and 

solvents absorb light in the UV region, a variation of concentration of silicon quantum 

dots in solution is expected to give confirmation that the absorption observed originates 

from the silicon quantum dots. Figure 7 represents the UV-Visible absorption 

dependence upon concentration of silicon quantum dots capped with allylamine in 

water.  
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Figure 3.7: concentration dependence of the UV-Vis absorption for silicon quantum dots 

capped with allylamine 

 

As it can be seen in figure 7, the silicon quantum dots dispersed in water exhibit 

absorption over the 190-320 nm range. Two shoulders are observed at 220 and 265 nm. 

The absorption edge is around 335 nm, corresponding to a band gap of 3.7 eV, 

attributed to a Г-Г direct band gap transition. The positions of the peaks and the band 

gap are in good concordance with previous reports of silicon nanocrystals 

absorption.23,24 The absorbance decreases with decreasing concentration, from 0.6 to 

0.2 on the first shoulder peak and from 0.2 to 0.07 for the second peak. The variation of 

absorbance for each maximum corresponds to the variation of concentration between 

the samples, proving that the portion of light is absorbed by the silicon quantum dots in 

solution.  

We evaluate the light emission of our samples using a spectrofluorometer. The 

photoluminescence of the silicon quantum dots capped with allylamine in hexane is 

represented in figure 3.8. The spectra for our silicon nanocrystals clearly show an 

emission process. PL spectra were recorded between 280 nm and 360 nm with 20 nm 

intervals. The region of wavelength was chosen according to the absorbed wavelength 

(figure 3.7). The photoluminescence excitation experiment (figure 3.8) measures what 

excitation wavelength gives rise to what emission wavelength to confirm the origin of 

the photoluminescence. 
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Figure 3.8: a) photoluminescence spectra of silicon quantum dots capped with 

allylamine dispersed in methanol and b) the photoluminescence excitation spectrum of 

the same quantum dots in methanol solution. 

The silicon quantum dots solution show fluorescence between 300 and 550 nm. The 

maximum emission for all the spectra shifts to higher wavelength with an increasing 

excitation wavelength. This shift can be explained by a slight variation of size of the 

nanocrystals in the sample, resulting in a variation of the bandgap due to quantum 

confinement.26 The emission measured for an excitation at 340 nm shows two separate 

emission maxima revealing two emission phenomena. The second peak could be 

explained by a surface or environmental effect.  The maximum photoluminescence 

intensity is observed at 360 nm for an excitation wavelength of 300 nm. Figure 3.8 b) 

represents the photoluminescence excitation spectrum. As the photoluminescence 

emission peak was observed at 360 nm for an excitation wavelength of 300, the 

photoluminescence excitation wavelength was set at 360 nm. A PLE peak at 290 nm is 

observed for the excitation wavelength of 360 nm. It confirms that the 

photoluminescence observed at 360 nm is only due to the silicon quantum dots excited 

by a 290 nm radiation. 

This emission phenomenon observed for silicon quantum dots can be first attributed to 

quantum effects occurring in such small crystals. Several reports attribute the 

photoluminescence of silicon nanocrystals to a pseudo-direct band-gap transition, 

associated to the reciprocal space transition labelled Г – Г or more generally to a 

localization of electrons in small crystals.26-29 This quantum confinement theory may 

explain what is occurring for the silicon quantum dots formed via reverse micelle 
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synthesis. In order to conclude to that theory, a qualitative evaluation of surface 

chemistry and a quantification of the rate of the transition, via the measurement of the 

PL dynamic decay of the photoluminescence are necessary. 

Solvatochromism 

Two types of photoluminescence are usually observed for silicon quantum dots: red or 

blue emission. The blue emission is associated to a fast PL decay associated with a 

radiative or direct electron recombination. The red emission presents a slow dynamic 

decay, which is congruent with the photoluminescence originating from defects. To 

determine the origin of the emission process of our silicon quantum dots we first 

evaluate the influence of the surface chemistry by studying the behaviour of silicon 

quantum dots in different solvent environments. This study was part of the research 

conducted in collaboration between the Veinot, Kauzlarich and Tilley groups aimed to 

understand the origin of the red or blue luminescence observed for silicon quantum 

dots obtained by various methods.25 Figure 3.9 represents the normalized intensity of 

the photoluminescence of dodecyl-terminated silicon quantum dots in six different 

solvents. The objective of this solvatochromism study was to observe the PL spectra 

maximum emission dependence upon the polarity of the suspending solvents.30  

 

Figure 3.9: solvatochromism study for dodecene capped silicon quantum dots 

 

The concentration of the silicon quantum dots in solution was kept constant with all the 

solvents. The excitation wavelength was set at 300 nm. The intensity of the 
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photoluminescence emission recorded was normalized to unity as it varied upon the 

solvent used. Benzene, hexane, cyclohexane, toluene and pentane have low polarities. 

Chloroform has a dielectric constant of 4.1, which is medium value of polarity. With low 

polarity solvents, the maximum photoluminescence emission is situated between 330 

and 345 nm. When dispersed in chloroform, the silicon quantum dots emit light at 378 

nm, evidencing a red shift of the PL upon changes from low polarity to high polarity 

solvents. This shift indicates a coulombic interaction between silicon quantum dots and 

the solvent environment. A similar red shift of the photoluminescence upon increasing 

polarity of solvent has been observed for CdSe quantum dots by Leatherdale and 

Bawendi.31
 Dasog et al conclude that the blue emission red shift with increasing polarity 

is consistent with the presence of nitrogen and oxygen as defects or surface atoms of 

silicon quantum dots.25 They based their theory on the similar blue photoluminescence 

observed for silicon oxynitride32-34 and its possible origin as a charge transfer between 

silicon and oxygen and nitrogen.35 On the other hand, the luminescence of silicon 

carbide nanoparticles has been reported to be located in the same wavelength region 

than silicon quantum dots by Reipa et al.36 This implies that the solvatochromism 

observed can also be an evidence of a silicon – carbon charge transfer. For the 

nanoparticles synthesized in this study, the surface interaction generating the red shift 

of the photoluminescence can originate from either a Si-C bond, or an occasional Si-N 

bond or a dipolar interaction with the solvent. Photoluminescence lifetime spectroscopy 

would help to determine the rate of recombination of the excitons and thus leading to a 

more defined answer to the origin of the photoluminescence of silicon quantum dots. 

Photoluminescence lifetime  

The solvatochromism study is evidence of a charge transfer if it is accompanied with a 

proof of short-lived excited state. Time-resolved photoluminescence measured the time 

in which the electrons recombined with a hole in the lower energy state after 

excitation.28,37,38 The photoluminescence decay of our quantum dots in presented in 

figure 3.10. This study has been realised in collaboration with Boqian Yang from Michael 

Barnes’s group at the University of Massachusetts-Amherst, USA.   
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Figure 3.10: a) PL emission for a 405 nm excitation wavelength of silicon quantum dots 

in water and b) represents the time-resolved photoluminescence corresponding. 

Figure 3.10 a) represents the photoluminescence of the allylamine-terminated silicon 

quantum dots solution in water at a 405 nm excitation wavelength. On figure 3.10 b) is 

represented the PL lifetime corresponding to the emission recorded in figure 10 a). PL 

decay dynamics were taken at the peak emission wavelength (478 nm) with a band 

width of 5 nm. Using the following exponential decay function, 

I (t) = Io exp(- t / τ ) β 

Where τ is the characteristic PL lifetime and β is the dispersion exponent used to 

approximate the quantum dot behaviour with a single exponential equation, the PL 

decay of silicon quantum dots in solution can be determined. The decay lifetime is 

determined to be 5.42 ns. The PL decay lifetime suggests that the radiative decay is 

driven by a direct electron – hole recombination. The recombination time observed for 

indirect band gap material, such as bulk silicon is usually in the order of microseconds or 

even milliseconds. Direct band gap transitions are usually correlated with fast 

recombination processes associated with PL lifetimes in the 1 to 10 ns range.38 Silicon 

carbide nanostructures are also reported to present a PL decay in the order of 1-10 ns.36 

Regarding the 5.42 ns PL lifetime exhibited by our sample, we can then assume that the 

photoluminescence observed for our silicon quantum dots is due to an electron transfer 
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associated with a silicon – carbon transition between the silicon core and the capping 

molecule through the carbon bond or to a transition of pseudo-direct band gap 

transition labelled Г – Г (see figure 1.4).2 However, the short dynamic decay eliminates 

the possibility of the PL originating in a defect driven emission.38 

The direct band gap property of quantum confined silicon nanocrystals can be deduced 

from a study of the optical properties upon a variation of the mean size of the 

nanocrystals. This variation of size can be achieved by using different reducing agents 

during the synthetic process. 

3.3. Particle size effect on the optical properties of silicon 

quantum dots 

In this section, we are interested in the influence of the size of the silicon nanocrystals 

on their optical properties. The changes in the optical properties of silicon quantum dots 

with particle size is expected to provide an insight on the electronic transitions occurring 

and evidence probable quantum confinement effects in silicon nanostructures. Those 

effects are expected to be similar to direct band gap materials, such as Cd-X or Pb-X 

materials (X = S or Se), exhibiting a variation of PL emission upon nanoparticle size.39 We 

propose to produce a size variation of silicon quantum dots by using a variety of hydride 

reducing agents. The strength of reducing agent influences the speed of decomposition 

of the metal precursor. According to the research conducted by Amane Shiohara and 

Sujay Prabakar, the reducing agent is the main factor controlling the size of silicon 

nanocrystals.3 This study compares three different reducing agents and their influence 

on the size of the silicon quantum dots and also on their optical properties. 

In these experiments, silicon tetrachloride was reduced by sodium borohydride, lithium 

borohydride or lithium aluminium hydride. Sodium borohydride is the weakest reducing 

agent used in this study, while lithium aluminium hydride is the strongest. In all three 

experiments, the nanoparticles were capped with allylamine after particle growth. The 

allylamine is expected to covalently bond to the silicon nanocrystal through the double 

bond. The amine terminated silicon quantum dots are water soluble. These experiments 

followed and developped the work of Sujay Prabakar, who evaluated the effects of 
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reducing agents on alkyl-terminated silicon quantum dots, synthesized in a smaller 

scale. The synthetic route used for the silicon nanocrystals reported here is a scale-up of 

the experimental procedure followed by Dr.Prabakar as we employed a solution more 

than 3 times more concentrated in silicon precursor. 

After 3 cycles of size exclusion column chromatography, the structural nature of the 

synthesized nanocrystals is assessed by transmission electron microscopy. Figure 3.11 

represents TEM images for the samples synthesized using the 3 different reducing 

agents and their corresponding size distribution.  
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Figure 3.11: Low resolution TEM image of the amine terminated-silicon nanocrystals 

obtained by the reduction of SiCl4 by a) NaBH4, c) LiBH4 and e) LiAlH4. The diagrams b), d) 

and f) represent the corresponding size distribution diagram of the a), c) and e) images 

respectively. The insets in a) and c) are high resolution TEM images of two silicon 

nanocrystals, corresponding to the a) and c) samples. 
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The nanoparticles have a spherical shape for the samples obtained with all three 

reducing agents. Using sodium borohydride, the nanocrystals range from 1.5 to 7 nm 

with an average size of 3.7 ± 2.6 nm. For nanoparticles obtained by chemical reduction 

with lithium borohydride, the average size of the nanocrystals is estimated at 2.3 ± 0.7 

nm from the average of measuring over 100 nanocrystals. Finally, using lithium 

aluminium hydride as reducing agent, the size of the silicon quantum dots is estimated 

to be 1.5 ± 0.7 nm. The particle size is shown to be significantly reduced with increasing 

strength of reducing agent. This observation is in good concordance with the LaMer 

model, which states that a shorter nucleation event, or a ‘burst’ nucleation, lead to a 

more homogeneous size and concomitantly smaller size distribution.40 

The insets of figure 3.11 a) and c) represent high resolution TEM images of two 

nanocrystals obtained using NaBH4 and LiBH4 respectively as reducing agents. Both 

images show one set of lattice fringes per nanocrystal. This attests to the 

monocrystalline nature of the nanoparticles. The distance between fringes is measured 

at 2.1 Å and 2.0 Å respectively, which is characteristic of Si {220} lattice spacing. 

The UV-Vis absorbance spectra of the nanocrystals in solution for the samples obtained 

for the three different reducing agents are represented in figure 3.12. The nanocrystals 

were dispersed in methanol and homogenized for 2 minutes in an ultrasonic bath prior 

to the measurement.  
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Figure 3.12: comparison of normalized UV-Vis absorption spectra of silicon QDs 
synthesized using NaBH4 (3.7 nm), LiBH4 (2.3 nm) and LiAlH4 (1.5 nm) and capped with 

allylamine 

For the nanocrystals synthesized using sodium borohydride suspended in methanol, 

only one UV-Visible spectral absorption peak is observed at 198 nm, which corresponds 

to a single electronic transition occurring in the nanocrystals. Methanol solution of 

samples synthesized using LiBH4 and LiAlH4 present two absorption peaks, at 206 and 

285 and a shoulder at 240 nm for LiAlH4 and peaks at 213 and 265 nm and a shoulder at 

300 nm for LiBH4. As the second peak and the shoulder are present only for smaller 

particles, we can attribute these events to a transition associated with quantum 

confinement effects. The blue shift of this absorption edge with decreasing size, as well 

as the increase in wavelength of the peak position are in good concordance with the 

theory of the pseudo-direct band gap transition previously reported for quantum 

confined silicon quantum dots. The increase of the absorption edge is consistent with 

the increase in band gap energy with decreasing size, observed in other direct band gap 

quantum dots, such as CdSe.41 

After a comparison of the absorption properties of the silicon quantum dots of three 

different sizes, we are interested in the emission process occurring in the same samples. 

For the sample synthesized using NaBH4, the exhibited photoluminescence exposed to a 

UV-lamp at 365 nm is weak. The samples synthesized using LiBH4 and LiAlH4 display a 

stronger blue photoluminescence on exposure to the UV-Lamp. The PL emission spectra 

recorded with a spectrofluorometer are represented in figure 3.13.  
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Figure 3.13 : excitation wavelength-dependent photoluminence silicon quantum dots 

with an allylamine surface passivation reduced with a) NaBH4, b) LiBH4 and c) LiAlH4.  
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The PL spectra were recorded for excitation wavelength between 320 nm and 380 or 

400 nm of with 20 nm intervals. A similar trend is observed for all the three samples. 

The photoluminescence peaks present a red shift with increasing excitation wavelength. 

For the silicon nanocrystals synthesized by the mean of NaBH4, the recorded PL intensity 

using the fluorometer is also weak, compared to the ones synthesized using lithium 

based reducing agents. This observation is evidence of a quantum confinement 

phenomenon, as the nanocrystals with a size below the Bohr radius of silicon exhibit a 

stronger photoluminescence. The weak PL of the NaBH4 reduced sample is then 

explained by a mean size larger than the 4.3 nm Bohr radius, with a few smaller 

nanocrystals. 

 

The experiments were successful in producing silicon quantum dots using NaBH4, LiBH4 

and LiAlH4 as a reducing agent. The particles size distribution remains relatively wide for 

the particles using sodium based reducing agent. TEM images and optical properties are 

in good concordance with previous reports by Prabakar et al and Kauzlarich et al 

showing that the different reactivities of reducing agents can result in a control of the 

particle size.3,42,43 The next experiments would report on the effect of the surface 

chemistry of the silicon nanocrystals. 

 

3.4. Surface effects on silicon quantum dots 

The chemical reduction of silicon tetrachloride results in hydride terminated silicon 

quantum dots via the reverse micelle synthesis process. The surface is then modified 

through a UV-induced hydrosilylation using various molecules. Silicon nanocrystals can 

be capped with either non-polar molecules, such as 1-dodecene or 1-hexene or polar 

molecules, such as allylamine. The main interest of using polar or non-polar surface 

termination is the solubility in convenient solvents. Using alkene molecules results in 

alkyl-terminated nanocrystals that are soluble in non-polar solvents. In contrast, 

allylamine-capped silicon quantum dots would be soluble in polar solvents, such as 

water, a property essential for biological applications. While the surface chemistry of the 
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silicon quantum dots is not expected to provide structural difference on the 

nanocrystals, the surface molecule is predicted to affect the optical properties.  In this 

study, we compare silicon quantum dots synthesized following exactly the same growth 

process using lithium borohydride to reduce silicon tetrachloride with three different 

capping molecules: allylamine, 1-hexene and 1-dodecene and TOAB as a surfactant. 

 

3.4.1. Structural characterization 

The structural nature of the synthesized nanocrystals is assessed by transmission 

electron microscopy. Figure 3.14 represents TEM images for the samples synthesized 

using the 3 different surface passivation molecules and their corresponding size 

distribution. The nanoparticles have a spherical shape for all three samples. For 

dodecene-capped silicon nanocrystals (figure 3.14.a), the average size was estimated at 

2.5 ± 0.9 nm by measuring over 100 nanoparticles. The average size of the allylamine-

terminated nanocrystals, represented in figure 3.14.c is estimated at 2.3 ± 0.7 nm. The 

low resolution TEM image in figure 14 shows the spherical shape of the nanocrystals. 

Finally, the 1-hexene passivated nanoparticles are averaged to be 2.6 ± 1.1 nm in 

diameter. As it was expected, the surface passivation does not influence the size of the 

particles. The particles were formed before the UV-treatment and the hydrosilylation is 

a post-formation process, thus confirming that the shape and size of the silicon quantum 

dots is not influenced by the capping molecule.  

The insets of figure 3.14 a) and c) represent high resolution TEM images of two 

nanocrystals obtained using 1-dodecene and allylamine respectively as surface capping 

molecules. Both images show one set of lattice fringes per nanocrystal. This attests of 

the monocrystalline nature of the nanoparticles. The distance between fringes is 

measured at 2.0 Å for allylamine-terminated quantum dots (see inset in figure 3.14.c), 

which is characteristic of Si {220} lattice spacing, and fringes for the 1-dodecene 

terminated crystal are measured to be 3.1 Å apart, which corresponds to the Si {111} 

lattice spacing.  Low resolution and high resolution TEM images confirm that the surface 

chemistry applied to the silicon quantum dots after the growth process does not 

influence the physical shape of the nanocrystals. 
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Figure 3.14: Low resolution TEM image of the silicon nanocrystals terminated by a) 1-

dodecene, c) allylamine and e) 1-hexene and their corresponding size distribution 

diagram in b), d) and f) respectively. Insets in a) and c) represent high resolution TEM 

images of one silicon nanocrystal with 1-dodecene and allylamine respectively. 
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Using FTIR spectroscopy, we can confirm the surface passivation of our silicon quantum 

dots with information on the chemical bonds present in the sample by measuring the 

vibrations of the chemical bondings in the capping molecule under infrared wavelengths 

excitation. Figure 3.15 shows the Fourier transformed infrared spectrum obtained for 

allylamine, 1-hexene and 1dodecene-capped silicon quantum dots mixed into a KBr 

pellet.  
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Figure 3.15: Fourier-transformed infrared spectroscopy spectra for silicon quantum dots capped 

with a) allylamine, b) 1-dodecene and c) 1-hexene. 
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In figure 3.15 a) is represented the allylamine-terminated FTIR spectrum. The peaks at 

1384 cm-1 and 1466 cm-1 correspond to the Si-CH2 vibrational modes. The peak at 1121 

cm-1 corresponds to the C-N stretching from allylamine. The peak at 1631 cm-1 

represents the amine bond. N-H bond is also observed in the peak at 3428 cm-1. The 

peaks at 2855 cm-1 and 2925 cm-1 can be attributed to the symmetrical and 

asymmetrical stretching of C-CH2. The peak at 2385 cm-1 presenting a low intensity is 

attributed to Si-N or Si-O vibrations, representing a small quantity of surface defects. 

This FTIR spectrum indicates a successful attachment of allylamine molecules on silicon 

quantum dots through the breaking of the double bond in allylamine. As it can be seen 

on figure 15 b) and c) are represented the FTIR spectra for the 1-dodecene and 1-hexene 

surface termination respectively, the peaks at 1334-1327 cm-1 and 1465-1469 cm-1 

represent the Si-CH2 vibration modes. The peaks at 2842-2852 cm-1 and 2920-2927 cm-1 

can be attributed to the symmetrical and asymmetrical stretching of C-CH2. These peaks 

assess the capping of silicon quantum dots with 1-dodecene/1-hexene. The peak at 3374 

and 3428 cm-1 can correspond to occasional Si-O bonds or O-H bonds due to residual 

solvent in the sample. The peaks at 1049-1050 cm-1 and 726-720 cm-1 can be attributed 

to =C-H bending, which can indicate the presence of a small quantity of free 1-dodecene 

or 1-hexene. Fourier-transformed infrared spectroscopy gives a good insight on the way 

the capping molecule is attached to the surface of the silicon quantum dots. However, 

solvent impurities and remaining small quantities of surfactant can contribute to the 

recorded signal and, due to similar chemical bondings, their signal cannot be readily 

separated. This leads to a nuclear magnetic resonance study of the silicon quantum dots 

solutions.   

 

1H NMR permits to distinguish the different environments of the protons and to 

conclude on the relative position of every hydrogen atom in the capping molecule. 

Figure 3.16 shows the 1H NMR of the silicon quantum dots capped with allylamine (a) 

and 1-dodecene (b) in a solution of deuterated chloroform.  
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Figure 3.16: Nuclear magnetic resonance spectra for silicon quantum dots solutions in 

deuterated chloroform for a) allylamine capping and b) 1-dodecene surface termination. 
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On the spectrum corresponding to allylamine-terminated silicon nanocrystals, at δ = 

1.25 ppm can be observed a peak corresponding to the protons of the amine group of 

allylamine (N-H2). The peak at δ = 3.70 ppm can be attributed to the protons in the 

carbon chain of allylamine neighbouring the amine group (Si-CH2-CH2-CH2-NH2). The 

triplet observed at δ = 0.8 represents the protons close to the silicon quantum dots (Si-

CH2-CH2- CH2- NH2). The multiplet at about δ = 6 ppm and peaks from 5.2 to 5.5 ppm 

correspond to the spectrum of free allylamine. As all the allylamine has been 

evaporated under vacuum, it can be concluded that for a minority of allylamine 

molecules, the amine group is attached to the surface of the silicon quantum dots. The 

relatively low intensity peaks between δ = 3.2 ppm and 3.6 ppm show a remaining 

impurity of surfactant. NMR measurements confirm the allylamine attachment on the 

surface of the silicon quantum dots and the largely successful purification process as the 

impurities peaks are of relative low intensity. In figure 16 b), from δ = 1.1 to 1.4 ppm can 

be observed a peak corresponding to the protons of the carbon chain of 1-dodecene (-

CH2-CH2-CH2-). The triplet observed at δ = 0.8 represents the protons close to the silicon 

quantum dots (Si-CH2-CH2- … -CH2-CH3). The absence of peak at δ = 3.3 ppm assessed 

the absence of surfactant impurity in the sample. These nuclear magnetic resonance for 

our samples rises to the deduction that the surface molecules allylamine and 1-

dodecene are attached to the surface of the silicon quantum dots, through the carbon 

double bond of the free molecules. This observation is concistent with the FTIR spectra 

of the silicon particles described above. 

TEM images indicate that the silicon quantum dots are structurally equivalent. FTIR and 

NMR experiments give an insight on the manner the capping molecules are anchored to 

the surface of the silicon quantum dots.  Studying the optical properties of those three 

different samples of silicon quantum dots will help to elucidate the role played by the 

surface chemistry on the physical properties. 
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3.4.2. Effect of surface capping on optical properties 

In this section the effect of surface passivation of the silicon quantum dots on the 

optical properties of the particles resulting from a variation of the possible electronic 

transitions between the silicon core and the outside molecule is sought. 

All three samples of silicon quantum dots in a hexane solution were analysed using a 

UV-Visible absorption spectrometer. The UV-Visible absorption spectrum of silicon 

nanocrystal solutions are presented in figure 3.17.  

 

Figure 3.17: UV-Visible absorption spectrum for 1-dodecene capped silicon quantum 

dots. 

 

All the samples present a major peak around 210 nm. As the position of the peak does 

not vary according to the surface molecule, we can attribute the peak to a transition 

occurring in the core of silicon quantum dots. The same peak was for the study on the 

different reducing agents. A second peak is observed for those samples, with maxima 

around 265 nm. The intensity of that peak varies between the different capping 

molecules. This second peak was attributed to a quantum confinement effect in the 

section 3.2.3. The observed absorption properties are in good agreement with previous 

reports of alkyl- and allylamine terminated quantum dots.2,3 The theory developed by 

the Kauzlarich group that a ligand-core transition is occurring would result in a shift of 

the absorption between different reducing agents and therefore does not apply to our 
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observation.39 The variation of intensity can indicate an interaction between the capping 

molecule and the solvent. 

 

Figure 3.18 represents the photoluminescence spectra recorded for the silicon quantum 

dots with 1-dodecene, 1-hexene and allylamine passivation solution in hexane. Each set 

of spectrum was recorded between 280 and 380 nm with 20 nm intervals. The same 

trend is observed for all the three surface molecules. A slight variation of maximum 

emission is observed, but it can also be attributed to the slight variation of nanoparticle 

size between the samples. Even if we expect the covalent bonds on the surface of the 

quantum dots to create localized defects and give rise to a new source of 

photoluminescence, it seems that the surface molecule does not influence dramatically 

the emission process. The alkyl or amine termination does not generate variation of the 

PL, and neither does the length of the carbon chain. The influence of the solvent used 

generates a much more striking emission shift, as we described for the solvatochromism 

study in section 3.2.2.  
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Figure 3.18: photoluminescence emission for excitation wavelength between 280 and 

380 for different surface termination of silicon quantum dots, with a) 1-dodecene, b) 

allylamine and c) 1-hexene.  The spectra were recorded for silicon quantum dots 

solution on hexane for the 3 specimen. 
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3.5. Discussion and summary 

 

3.5.1. Origin of the photoluminescence of silicon quantum dots 

UV-Vis absorption spectroscopy concurs with previous reports of absorption for silicon 

quantum dots. The 210 nm peak is attributed to the transition expected for bulk silicon; 

the second peak is congruent with the theory of the Г-Г pseudo-direct transition for 

quantum confined silicon nanocrystals. The photoluminescence measurements lead to 

the conclusion that the emission process can originate from the pseudo-direct band gap 

transition with some environmental effects such as a Si-C or Si-N bond on the surface or 

dipolar interaction with the dispersing solvent. The solvatochromism study showing a 

dependence of the photoluminescence upon the polarity of a solvent which indicates 

that the origin of the photoluminescence can be due to a charge transfer between 

silicon atoms and surrounding atoms when combined to a short-lived excited state. 

Veinot et al reported that the presence of nitrogen containing molecules on the surface 

of silicon quantum dots can induce a fast decaying blue emission.25 Reipa et al proved 

the blue fluorescence of silicon carbide nanocrystals.36 The time-resolved 

photoluminescence of our particles shows a fast transition (5 ns) corresponding to a 

charge transfer mechanism. The origin of the photoluminescence of the silicon quantum 

studied in this research is the possible pseudo-direct band gap transition due to the 

quantum confinement of silicon combined to a surface effect with charge transfers 

occurring between silicon and carbon and occasionally silicon and nitrogen or charge 

transfers between the solvent surrounding and the trap states on the surface of the 

quantum dots. More advanced spectroscopy such as ultrafast laser spectroscopy could 

help dissociating the different effect and conclude on the origin of the 

photoluminescence of silicon quantum dots.  

 

3.5.2. Influence of the nanocrystal size 

The nanoparticle size distribution is reduced with increasing strength of reducing 

agent.42,43 Upon injection of LiAlH4, a “burst nucleation” is expected. The strong reducing 

agent results in a fast reduction of the silicon precursor into monomers, thus limiting the 
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nanocrystal growth. In comparison, the lower reactivity of NaBH4 induces a slower 

production of silicon monomers, and as the reduction time increases, the monomers are 

more likely to be contributing to particle growth. The particle size distribution is then 

larger when using a weaker reducing agent. LiBH4 has reactivity between LiAlH4 and 

NaBH4 so consequently the size distribution of the particles produced ranks from larger 

to smaller using NaBH4, LiBH4 then LiAlH4. 

The shape of the nanocrystals is not influenced by the reactivity of the hydride reducing 

agent or the molecule attached to the surface of the quantum dots. The same spherical 

shape was observed for all the samples studied. In most of the synthesis reported in the 

literature, the silicon nanocrystals present a spherical shape. Plasma-mediated synthesis 

was reported to produce tetrahedral shaped silicon nanocrystals by the Kauzlarich group 

and Kortshagen et al reported cubic shaped also via a plasma process.44-46 In both cases, 

the particles were much larger than the ones reported in this study. The shape of 

nanocrystals is not controllable for particles with all dimensions smaller than 10 nm.47 

The absorption spectrum of the silicon nanocrystals obtained by reduction using NaBH4 

present a unique peak at 210 nm. The allylamine terminated silicon quantum dots 

synthesized via the chemical reduction using LiBH4 or LiAlH4 present two absorption 

peaks, the primary one being located at 210 nm for all the samples. The secondary peak 

varies from 265 to 300 nm.  It can be concluded that the first absorption peak 

correspond to an intrinsic property of the silicon nanocrystals, apparently independent 

of the nanoparticle size and associated to the bulk form of silicon. The secondary peak is 

observed only for the samples with a much smaller size, therefore it can be attributed to 

a pseudo direct band gap transition, occurring in particles with sizes in the quantum 

confinement regime.  

All samples show a blue luminescence. However, the sample synthesized using NaBH4 

exhibit a poor fluorescence compared to the other samples. As the size of those 

nanoparticles is much larger than the ones synthesized in the other experiments of this 

chapter, we can conclude that it is an evidence of quantum effects occurring in small 

silicon nanocrystals. Silicon nanocrystals with a size contained below the Bohr radius of 

4.9 nm corroborate the theory of the pseudo-direct band gap.   
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3.5.3. Influence of the surface capping 

The surface capping agent used has no effect on the size and shape of the nanocrystals 

as it occurs in post-growth process. No variation of absorption wavelength for the 

secondary peak is observed for the three quantum-confined samples with different 

capping molecules, which evidences no absorption dependence upon the surface 

attachment.  

The photoluminescence of the quantum-confined nanocrystals also does not vary 

depending on the surface capping molecule. The chemical termination of the passivation 

molecule (either amine or alkyl) as well as the carbon chain length of that molecule does 

not influence the fluorescence. The emission process can then be explained by the 

quantum confinement and by an electron transfer between the surface silicon atoms 

with their immediate neighbours (carbon or occasional nitrogen) via a covalent bond. 
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4. CZTS nanocrystals: synthesis and 
characterization 

 

Cu2ZnSnS4 (or CZTS) has attracted considerable attention as candidate materials for the 

next generation of solar cells. This is because of their physical properties of direct band 

gap energy of Eg ≈ 1.5 eV and a large optical exctinction coefficient.1,2 Also CZTS are 

composed of copper, zinc, tin and sulphur, which are earth abundant elements. This 

makes CZTS a more economic and environmentally friendly option compared to the 

more widely studied structural analogue CIS (CuInS(Se)2) or CIGS (Cu2InGaS4).3,4 

Additionally, diminishing resources of indium encourage research towards an efficient 

earth abundant replacement, such as CZTS. Thin film solar cells fabricated from CZTS 

obtained by sputtering or vapour deposition techniques were found to have high 

conversion efficiencies up to 6.8%.5,6 However sputtering and vapour deposition 

techniques suffer from a substantial cost and therefore solution phase synthesis is a 

good way to significantly reduce the fabrication costs.7 So far, the reported synthesis 

methods for colloidal CZTS in solution involve the high temperature decomposition of 

metal salts sometimes involving hot injection.8,9  

There is still a need for a size and shape control for CZTS nanocrystals. The only small 

CZTS nanoparticles exhibiting quantum confinement effect were reported by Khare in 

2011.10 The solvent environment has been proven to have a strong influence over the 

size and shape of nanoparticles.11-13 In this research was first investigated the role of the 

solvent in high temperature synthesis. Next chemical reduction methods were 

attempted to prepare small monodisperse pure CZTS crystals. 

Firstly, the effect of reaction temperature on the structure of CZTS nanocrystals was 

studied. The size and shape variation induced by a change in solvent media was 

investigated, from coordinating to non-coordinating.14 Then the effect of a reduction 

with a hydride reducing agent prior to heating treatment was examined.  

Secondly, a chemical reduction method to synthesize CZTS nanoparticles was 

investigated. This method was adapted from that described in the previous chapter on 
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silicon nanoparticles and the published work by the Tilley group regarding silicon and 

germanium quantum dots synthesis. It involves the reduction of metal salts using a 

strong hydride reducing agent at room temperature. The influence of a variation of 

molar ratio between the copper, zinc and tin precursors and the variation in crystals 

shape and composition between two different reducing agents were examined. Finally it 

was attempted to synthesize each metal sulphide individually using the same reduction 

synthesis process. 

The nanoparticles were characterized by XRD, EDS, TEM and electron diffraction. The 

size distributions were calculated from the low resolution TEM images. The optical 

properties of the nanocrystals in solution were assessed using UV-Visible absorption 

spectroscopy. 

 

Exp 
No 

Synthetic 
method 

Effect researched Specificity of each reaction 

1 

Synthesis by 
high 

temperature 
decomposition 

Effect of temperature 
Aliquots taken at room temperature, 180°C, 
210°C, 260°C and 280°C 

2 
Comparison of 

different solvents 

Oleylamine as solvent 

3 50/50 mixture of oleylamine and octadecene 

4 Octadecene as solvent 

5 
Effect of precursor 

injection in hot solvent 

Simultaneous injection of 4 precursors 

6 
Injection of zinc tin and sulphur precursors in 
copper containing solution 

7 

Synthesis by 
chemical 
reduction 

Reduction by hydride 
reducing agent prior to 

heat treatment 

No reducing agent (standard reaction) 

8 Using LiBH4 as a reducing agent 

9 Using LiAlH4 as a reducing agent 

10 
Using LiBH4 in a larger solvent volume than exp 
8 

11 
Using LiAlH4 in a larger solvent volume than exp 
9 

12 

Synthesis via reverse 
micelles process 

Reduction with LiAlH4 

13 Reduction with LiBH4 

14 
Reduction with LiBH4 with a different precursors 
relative ratio than exp 13 

15 Synthesis of single 
metal sulphides using 

LiBH4 

Cu2S 

16 ZnS 

17 SnS 

Table 4.1: Description/comparison of the different experiments in this chapter  
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4.1. High temperature synthesis and influence of solvent 

environment 

In this section we are interested in the role the solvent environment has in the solution 

phase synthesis of CZTS. Other nanomaterials synthesis systems have been proven to be 

greatly influenced by either the solvent temperature or the ability of solvent/surfactant 

to bond to monomers or crystal faces, thus controlling the size and shape of the 

nanoparticles.15,16 First was investigated the morphology of nanocrystals taken from 

aliquots at five different temperatures lower than the usually reported temperature 

(280°C) for CZTS synthesis. Then the particle size and structure of CZTS nanoparticles 

synthesized in solvents with different coordinating abilities were compared. Finally the 

direct injection of precursors into the hot solvent was studied. 

 

4.1.1. Effect of solvent temperature 

Reported solution-phase synthesis of CZTS nanocrystals are mostly conducted at 280°C 

or higher. In this section was studied the evolution of the shape and structure of CZTS 

nanocrystals at temperatures lower than 280°C to investigate what temperature is 

optimal for the formation of the CZTS structure. In this experiment, aliquots were taken 

at different temperatures, above room temperature. XRD, TEM and UV-Vis spectroscopy 

are used to estimate the structural and compositional nature of the nanocrystals. The 

synthetic protocol is based on the reported synthesis of CZTS nanocrystals by the Korgel 

group in 2009.8 

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent 

1 
2 

mmol 
1 

mmol 
0.8 

mmol 
4 

mmol 
aliquots taken at RT, 180, 

210, 260 and 280 
Oleylamine 

Table 4.2: Key variables in experiment 1 

First, 0.52 g of copper acetylacetonate, 0.29 g of zinc acetate and 0.12 g of sulphur was 

weighed and dissolved in 40 mL of oleylamine in a three necked flask linked to a reflux 

condenser tube.  The reaction vessel was degassed for 10 minutes under vacuum then 

purged with nitrogen for 30 minutes at room temperature. 0.8mL of SnCl4 solution at 
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1M was injected in the solution. A first aliquot of 2 mL was withdrawn from the solution. 

The mixture was furthered degassed for another 30 minutes at 110°C. The temperature 

was raised to 180°C and left for 10 minutes. A second 2 mL aliquot was taken. After 10 

minutes at 210°C, a third aliquot was abstracted. The fourth aliquot was taken after 10 

minutes at 260°C. The reaction was stopped after 15 minutes reaction at 280°C and let 

to cool down to room temperature naturally. Samples were purified by washing three 

times with a mixture methanol/toluene. 

Results 

XRD measurements allow the determination of the crystal structure of the synthesized 

nanoparticles. The XRD patterns in figure 4.1 show the evolution of the crystal structure 

of the nanocrystals over a range of temperatures from room temperature to 280°C. The 

peak positions are compared to the ones reported in the JCPDS card 26-0575 for CZTS in 

the kesterite structure. 

 

Figure 4.1: XRD spectra for the experiment 4 aliquots taken at room temperature, 180°C, 
210°C, 260°C and 280°C. 

 

The intensity of the peaks is increasing with increasing temperature, manifested as an 

increase in the crystallinity of the crystals. Starting from the small 2 theta angles on the 
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left, the three major peaks observed on the spectra for the 180°C, 210°C, 260°C and 

280°C correspond to the (112), (220) and (312) orientations of the kesterite crystal 

structure of CZTS. An amorphous impurity phase is observed on the spectrum for the 

aliquots taken at 260°C or lower. This amorphous phase is not observed for the particles 

obtained at the end of the reaction after treatment at 280°C. A second phase of much 

weaker intensity can be observed on the XRD pattern of the particles treated at higher 

temperatures than 210°C. Cu2ZnSnS4 can adopt the ZnS wurtzite structure, as 

demonstrated by the Yadong Li group in 2011.17 No standard data is available in the 

JCPDS database for CZTS in wurtzite arrangement, so we compare the peaks to the ZnS 

structure (JCPDS 75-1534), which have the same wurtzite configuration. The low 

intensity phase on our patterns can be matched to a wurtzite crystal structure. We can 

then conclude that our particles present a major kesterite type phase with a second 

phase that can be either wurtzite CZTS or an impurity of ZnS.  

The nanocrystals obtained in the five aliquots were characterized by TEM imaging. The 

size and shape of the nanoparticles obtained in the different aliquots. The images and 

their corresponding size distribution estimated by measuring over 100 particles from 

different areas of the TEM grid are represented in figure 4.2.  
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Figure 4.2: TEM images and size distribution for the aliquots taken at, from top to 
bottom: room temperature, 180°C, 210°C, 260°C and 280°C. 
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In figure 4.2.a, the particles taken in the aliquot taken at room temperature are 

monodisperse with a spherical shape. The average size is estimated to be 5.5 ± 2.7 nm. 

The particles from aliquot taken at 180°C can be seen in figure 4.2.b. The mean size of 

the nanocrystals is determined to be 6.3 ± 25.7 nm. The large majority of the particles 

present a small and spherical shape. A few particles are larger, over 30 nm. In figure 

4.2.c is represented the TEM image and the according size distribution of the particles 

collected in the aliquot taken at 210°C.  The particles are mostly spherical in shape. A 

few particles are faceted and of a large size, over 100 nm. The average particle size is 

estimated to be 11.9 ± 97.2 nm. The 260°C aliquot (fig. 4.2.d) TEM image presents 

defined particles averaging in size 12.0 ± 11.9 nm. The crystals obtained after treatment 

at 260°C resemble the most the CZTS nanoparticles found in the literature. Finally, the 

particles obtained after heating treatment at 280°C present two types of particles: many 

small particles below 10 nm in size and big crystals, bringing the average size to 35.1 ± 

79.6 nm (fig. 4.2.e). The large disparity of size compared to similar methods with 

treatment at 280°C can be explained by the longer time to reach the final temperature, 

elongating the decomposition time of the precursors, and thus the nucleation time for 

the CZTS particles leading to a broadening of the particle size dispersion.18,19  

The optical absorption of the nanocrystals in solution was measured by UV-Visible 

spectroscopy. The concentration was kept the same for all the samples. The absorption 

spectra from 350 nm to 1100 nm are determined, where the absorption edge is 

expected to appear. The gap energy was evaluated from the UV-visible absorption 

spectrum recorded using the Tauc plot (fig. 4.3.b). The direct band gap Eg, corresponds 

to the intersection point of the extrapolated straight portion of the curve (Ahv)2 vs. 

energy, with the abscissa axis, where hν and A measure the photon energy and the 

absorption coefficient, respectively. 
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Figure 4.3: a) Optical absorption for the aliquots taken at room temperature, 180°C, 

210°C, 260°C and 280°C and b) (Ahv)2 as a function of photon energy to determine the 

bandgap of our nanocrystals obtained after the complete reaction (280°C) . 

 

The shape of the absorption spectrum obtained for the nanocrystals after treatment at 

180°C and 210°C are in good agreement with the reported absorption in the literature, 

with an absorption edge around 850 nm, corresponding to a bandgap of 1.5 eV.20 The 

(Ahv)2 values, with A being the absorption coefficient, h the Planck constant and v the 

frequency, plotted as a function of photon energy can give an evaluation of the bandgap 

value by tracing an asymptotic line on the decreasing part of the curve (fig 4.3.b)). A 

value of Eg = 1.5 eV is determined. The measured bandgap is in good agreement with Eg 

values reported in the literature of Eg ≈ 1.4-1.6 eV.21,22 As ZnS has a bandgap of 3.6 eV 

(340 nm), it can be concluded that the wurtzite structure observed with XRD 

experiments is in agreement with a wurtzite type structure of CZTS.23 

In conclusion, the temperature of reaction influences the structure and size of the CZTS 

nanocrystals. The solvent temperature plays an important role in the formation of 

nanocrystals. A temperature of 260°C or higher is best to produce pure crystalline CZTS 

nanoparticles. In the next section will be evaluated the influence of the binding strength 

of solvents on the structure and shape of CZTS. 

 



 

95 
 

Chapter 4: CZTS nanocrystals 

4.1.2. Effect of solvent coordination on CZTS nanocrystals formation 

In this section, the influence of the coordination ability of solvent on the size and shape 

of the CZTS nanoparticles is investigated. In other nanoparticle systems, the solvent or 

surfactant coordination has been shown to affect the size and shape of 

nanoparticles.13,24 During the synthesis, all the variables are kept constant, with the 

exception of the solvent. The solvents chosen were oleylamine and octadecene for their 

binding ability differences. 

Experimental 

The synthesis method is adapted from the work published by the Korgel group, using tin 

tetrachloride in solution as the tin precursor instead of tin dichloride in the reported 

synthesis.  

Exp No Cu Zn Sn S Temperature Solvent Surfactant 

2 2 mmol 1 mmol 0.8mmol 4 mmol 280 Oleylamine - 

3 2 mmol 1 mmol 0.8mmol 4 mmol 280 
Oleylamine 

+ 
Octadecene 

- 

4 2 mmol 1 mmol 0.8mmol 4 mmol 280 Octadecene - 

Table 4.3: Key variables in experiments 2, 3 and 4 

In a three necked flask, 0.52 g of copper acetylacetonate, 0.29 g of zinc acetate, 0.12 g of 

elemental sulphur were dissolved in either 40 mL of oleylamine, or 40 mL of octadecene 

or in a mixture of 20 mL of oleylamine and 20 mL of octadecene. After being degassed 

for 10 minutes under vacuum, the mixture was purged under nitrogen thirty minutes at 

room temperature, before 0.8 mL of tin tetrachloride was injected in the flask. The 

solution was brought to 120°C and left to degas for thirty minutes. The reaction mixture 

is heated at 280°C for one hour then cooled to room temperature. The nanoparticles 

were separated from solution using a centrifuge and were washed 3 times using a 

methanol/toluene mixture. 

Results 

The crystals produced in the three experiments described ahead were analysed by XRD 

to assess their crystalline structure. The peak positions are compared to the ones 

reported in the JCPDS card 26-0575 for CZTS in the kesterite structure. Using the 
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Scherrer equation from the spectra in figure 4.4, the average particle size of the 

nanocrystals of each of the three samples from experiments 2, 3 and 4 is evaluated.24 

 

 

Figure 4.4: XRD spectrum of CZTS synthesized in a mixture of oleylamine and 
octadecene. 

 

All three spectra show a pure kesterite type crystalline phase of CZTS. The peak 

positions and intensities match the JCPDS standard. No impurity phase of wurtzite 

structure of CZTS is observed. According to the particle size determination using the 

Scherrer equation, the particles synthesized in oleylamine had dimensions of 13.2 nm, 

22.8 nm when synthesized in octadecene and 30.4 nm when using a mixture OLA/ODE 

as a solvent. We would expect the particle size to be the largest when using only 

octadecene as it is the solvent with the lower binding ability. TEM imaging give a more 

accurate estimation of the nanoparticles sizes for those three samples.  

 

Figure 4.5 shows a typical image for each of the sample prepared using oleylamine, 

octadecene or a mixture oleylamine/octadecene as a solvent and their corresponding 

size distribution.  
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Figure 4.5: Low resolution TEM images of the CZTS nanocrystals synthesized in 

oleylamine (a), octadecene/oleylamine mixture (c) and octadecene (e) and (b), (d), (f) 

represents their corresponding particle size distribution. 

 

Most particles present a spherical shape and some faceted shapes for particles 

synthesized in oleylamine.  Using an OLA/ODE mixture, the shape appears to be less 

regular than in pure OLA. The particles remain mostly spherical. After synthesis in ODE, 

the particles present a variety of shapes, from large hexagons, to small spherical crystals 

and porous-like particles as we can see in the inset of figure 4.5.e). In figure 4.5.b), the 
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average diameter of the nanocrystals is 19 ± 24 nm when using oleylamine as a solvent. 

The average size of the nanocrystals synthesized in the mixture 1/1 

oleylamine/octadecene is determined to be 29 ± 25 nm. The average size of the 

nanocrystals synthesized in ODE is estimated to be 64 ± 82 nm. The inset in figure 4.5.e) 

shows that some particles, under higher magnification, present a structure with 

dendrites.  

Both XRD and TEM analysis prove the increase of particle size when switching from 

oleylamine to octadecene as a solvent. With a larger coordination strength due to the 

amine termination and a longer carbon chain, oleylamine acts as a surfactant and thus 

limits the growth of the crystals by stabilizing the surface of the nanoparticles. 

Octadecene lead to a larger overall nanoparticle size, confirming the weak coordination 

ability. The presence of the multigrain structures observed for some particles grown in 

dodecene would lower the particle size determined by XRD as it measures the size of 

each crystallite domain.   

In conclusion, the solvent temperature permits to control the size, shape and 

composition of the CZTS nanocrystals and the solvent coordination ability has a strong 

influence on the size and shape of the nanoparticles. These observations are in good 

agreement with the literature reports on CZTS17 and other systems.14,16 

 

4.1.3. Synthesis by hot injection of precursors 

Experiments 5 and 6 were conducted via the hot injection method. It is proposed to 

inject the precursors in solution into a preheated solvent to facilitate a burst nucleation. 

Injecting the precursors swiftly in the hot solvent was aimed at achieving a better size 

control of the nanoparticles. The solvent, temperature and molar ratios of precursors 

were kept constant. The two syntheses differ in the injection process. In experiment 5, 

all precursors were injected simultaneously in the hot solvent and in experiment 6, the 

copper precursor was already in solution before injection of the three other precursors. 

These experiments are based on the method reported by the Prieto group.9 
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Experimental 

Exp 
no 

Cu Zn Sn S Temperature 
Solvent / 

Surfactant 
Injection 

5 
0.5 

mmol 
0.3 

mmol 
0.2 

mmol 
1 

mmol 
280 

Oleylamine 
and Oleic acid 

All 4 
precursors 

6 
0.5 

mmol 
0.3 

mmol 
0.2 

mmol 
1 

mmol 
280 

Oleylamine 
and Oleic acid 

S + Zn and 
Sn 

precursors 

Table 4.4: Key variables in experiment 5 and 6 

 

In both experiments, 10 mL of solution composed of 1/1 ratio of oleylamine and oleic 

acid was prepared. In experiment 5, the four precursors were dissolved in the prepared 

solution in separated vials sealed with a septum degassed for 2 minutes and then 

purged with nitrogen for 10 minutes. 0.13 g of copper acetylacetonate was mixed in 2 

mL of the solution, 0.075 g of zinc acetate in 1 mL, 0.2 mL of 1M solution of tin 

tetrachloride in tetrahydrofuran in 1 mL of mixture OLA/OA and 0.03 g of sulphur in 1 

mL. The 4 vials are heated to 150°C. In a 50 mL three necked flask equiped with a reflux 

condenser, 5 mL of the mixture OLA/OA was brought to 310°C. The four precursors were 

injected simultaneously in the flask.  The mixture was then kept at 280°C for one hour. 

In experiment 6, the copper precursor was present in the reaction solution before 

heating, the zinc, tin and sulfur sources were hot injected. 0.075 g of zinc acetate, 0.2 

mL of 1M solution of tin tetrachloride in THF and 0.03 g of sulphur in 3 mL of OLA/OA 

mixture were mixed in a sepparate vial with a septum degassed for 2 minutes and then 

purged with nitrogen for 10 minutes then heated to 150°C. In a 50 mL three necked flask 

equiped with a condensation tube, 0.13 g of copper acetylacetonate was mixed to 7 mL 

of the mixture OLA/OA and degassed for 20 minutes then purged with nitrogen for 30 

minutes. The mixture was brought to 320°C. The three other precursors were injected 

simultaneously in the flask.  The mixture was then kept at 280°C for one hour. In both 

experiments, after slowly cooling down to room temperature, the CZTS nanoparticles 

were separated from solution by centrifugation and washed three times with a mixture 

methanol/toluene. 
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Results for experiment 5: hot injection of the 4 precursors 

The crystal structure of the crystals was determined by X-ray diffraction. The purified 

nanocrystals were packed as a powder in a low background sample holder. The XRD 

spectrum is presented of experiment 5 in figure 4.6.  

 

 

Figure 4.6: XRD pattern of CZTS obtained by simultaneous hot injection of the copper, 
zinc and tin precursor and sulphur. 

 

The crystal structure of the nanoparticles obtained after simultaneous injection of the 

four precursors at high temperature matches the kesterite CZTS crystal structure. No 

crystalline impurity phase is observed and the sharp profile of the peaks attest of the 

pure nature of the CZTS crystals formed in experiment 5. The intensity of the (112) 

reflection is lower than expected due to the background elimination, higher for smaller 

2 theta values when amorphous impurities are present.   

The size and shape of the crystals was then evaluated by transmission electron 

microscopy. 
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Figure 4.7: TEM image of the CZTS nanocrystals from experiment 5 and their 
corresponding size distribution. 

 

The shape of the particles is mostly spherical. The average size, evaluated by measuring 

over 200 particles from different areas of the TEM grid, is 6.8 ± 4.6 nm. The average size 

of the nanoparticles is smaller than reported CZTS nanocrystals reported by similar 

methods in the literature.8,20 The synthesis by hot injection of metal precursors leads to 

the formation of CZTS nanocrystals, with a much smaller average diameter size than the 

CZTS synthesized by thermal decomposition of precursors in solution heated together to 

280°C. The hot injection permits the rapid decomposition of the copper, tin, zinc and 

sulphur precursors, leading to a nucleation closer to the “burst nucleation” 

phenomenon, which occurs when monomers are formed simultaneously, limiting the 

size distribution and the size variability during the growth process.25 

 

The optical UV-Vis absorption of the CZTS nanocrystals obtained in experiment 5 is 

represented in figure 4.8. The nanoparticles were dispersed in a methanol solution. 
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Figure 4.8: Optical absorption of CZTS nanocrystals synthesized by hot injection of the 4 
precursors in solution. 

 

The optical absorption spectrum has shape consistent with reports of CZTS nanocrystals 

in the literature. The shoulder at 750 nm and the absorption edge around 900 nm is in 

agreement with the bandgap for CZTS of 1.4-1.5 eV. 

The simultaneous injection of 4 elements was successful in the synthesis of small pure 

kesterite structure CZTS. Nevertheless, the synthetic process is not trivial and requires 

extreme care. In addition, two persons were required to simultaneously inject the four 

precursors. To facilitate the synthesis, the next experiment was conducted by injection 

of three of the four precursors premixed in a separated vial. 

 

Results for experiment 6: hot injection of zinc, tin and sulphur precursors in copper 

containing hot solution  

Zinc, tin and sulphur precursors were injected in the copper containing solution. The 

copper was in the initial solution as it has the largest volume and copper easily 

complexes with oleylamine from room temperature.  

Figure 4.9 represents the XRD pattern obtained for the crystals in experiment 6. 
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Figure 4.9: XRD pattern for the CZTS synthesis via the hot injection of the tin, zinc and 
sulphur precursor in the hot solvent containing the copper precursor. 

 

The XRD spectrum of particles obtained in experiment 6 presents a multitude of peaks, 

corresponding to more than a single crystal phase. The kesterite CZTS structure is 

observed, but additional structures are also observed. The main additional phases can 

be matched to the Cu2S and SnS structures. Some peaks can also be matched to ZnS , Sn 

and elemental sulphur. The intensities of those other structures are comparable or 

higher that of the kesterite type crystalline phase.  

Figure 4.10 pictures the TEM image of the nanocrystals for the experiment featuring the 

simultaneous injection of the three Sn, Zn and S precursors in the copper containing hot 

solvent.  
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Figure 4.10: Low resolution TEM image of the nanocrystals obtained with experiment 7. 

 

Even after purification and ultrasonic dispersion of the nanoparticle solution, the TEM 

image in figure 4.10 shows an aggregation of particles and organic matter. The 

nanoparticle size was not measurable.  

 

 

Figure 4.11: Optical UV-Visabsorption of CZTS nanocrystals synthesized by hot injection 
of the zinc, tin and sulphur precursors in solution containing the copper precursor. 
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The optical UV-Vis absorption graph shows an absorption over the entire wavelength 

range. The peak at 990 nm with an absorption edge at 1100 nm corresponds to the 

transitions in SnS (bandgap 1.2 eV).26 The shape of the spectrum is consistent with the 

result from X-ray diffraction that several crystal structures are present in the sample. 

The hot injection of the zinc, tin and sulphur precursors into the hot solvent containing 

the copper precursor lead to the formation of nanocrystals. The XRD analysis reveals 

several crystal structures. The CZTS kesterite structure is present, but a large amount of 

impurities phases of Cu2S and metallic Sn have also being synthesized in this experiment 

among other impurities.  The multitude of structures is a result of a widened precursor 

decomposition process. The copper acetylacetonate was already decomposed into 

copper monomers when the zinc acetate, tin tetrachloride and sulphur were injected. 

The sulphur atoms reacted first with the copper monomers, forming copper sulfide.  As 

the decomposition of the tin tetrachloride happened with a slight delay, the tin 

monomers formed metallic tin nanoparticles.  

The injection of tin, zinc and sulphur precursors into the hot solvent containing the 

copper precursor did not produce a single type of CZTS nanocrystals but a variety of 

crystal phases. The copper precursor was most probably decomposed before the 

injection of the other precursors, creating a multi-nucleation event that lead to several 

metallic or single metal sulphide phases. 

To reduce the decomposition time discrepancy between the different precursors, the 

use of a reducing agent prior to the heating process could enhance the monomer 

production process and help to control the size of CZTS nanocrystals. 

 

4.2. Chemical reduction synthesis of CZTS 

4.2.1.  Experiments 7 to 11: Use of a reducing agent prior to high 

temperature treatment 

Experiments 7, 8 and 9 were conducted to compare the CZTS nanocrystals produced 

with or without a reducing agent before the high temperature treatment. Experiment 7 
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is the reaction used as a reference. In Experiment 8, lithium borohydride was used to 

reduce the precursors before heating. Finally, in experiment 9, the precursors were 

reduced using lithium aluminium hydride. The use of the reducing agent is expected to 

help the decomposition process of the Cu, Sn and Zn precursors. In experiment 6, the 

decomposition time disparity led to large particle size. Using a reducing agent, we 

expect to reduce the average particle size. LiAlH4 is a stronger reducing agent than 

LiBH4, so it is expected that it will further reduce the particle size and variability of size 

(refer to chapter 3.3).27 

Experiment 7: No reducing agent  

In this experiment, the four precursors were mixed in oleylamine before the heating 

treatment. It will be used as a standard for comparison with experiments 8 and 9. 

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent Surfactant 

7 
0.5 

mmol 
0.3 

mmol 
0.2 

mmol 
1  

mmol 
280 Oleylamine  - 

Table 4.5: Key variables in experiment 7 

0.099 g of copper acetate, 0.075 g of zinc acetate, 0.045 g of tin dichloride and 0.035 g 

of elemental sulfur were ground together in a mortar and suspended in 10 mL of 

oleylamine.The solution has a dark brown colour. The mixture is transferred into a 50 

mL three necked flask. The mixture is degassed  under vacuum for 1h at room 

temperature then purged with nitrogen for 15 minutes followed by an hour of nitrogen 

flow at 120°C. The temperature is then raised to 280°C and the mixture was left to react 

for one hour. The system was slowly cooled to room temperature. 5 mL of ethanol was 

added to the mixture to facilitate the separation of the nanoparticles. The solid was 

collected by centrifugation at 140.000 rpm for 2 minutes. The nanoparticles were 

washed 3 times in a mixture 1/1 methanol/toluene. 

Results 

Figure 4.12 represents the X-ray diffraction spectrum obtained from the nanoparticles in 

experiment 7 after purification and drying. The peak positions are compared to the ones 

reported in the JCPDS card 26-0575 for CZTS in the kesterite structure. 
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Figure 4.12: XRD pattern obtained for experiment 7. 

 

The crystal structure of the nanocrystals matches the tetragonal kesterite structure. The 

peak positions and intensities matches the standard in the JCPDS card. It presents all the 

reflection expected in the 2 theta angles range of 20-90°.   

The sizes and shapes were determined with TEM imaging. Electron diffraction 

spectroscopy associated to the TEM gives information about the crystal structure of the 

nanoparticles. 
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Figure 4.13: a)TEM image of nanocrystals obtained in experiment 7 with an inset of a 

HRTEM exhibiting the lattice fringes of one nanocrystal, asserting the monocrystalline 

nature of the CZTS nanoparticles. b) size distribution obtained from TEM images. c) 

represents the electron diffraction of the particles seen in a) 

 

The nanocrystals present mostly faceted shapes. The average size is estimated at 45.2 ± 

31.4 nm which is larger than the similar method reported by Steinhagen et al.5 The high 

resolution TEM image of one nanocrystals presented in the inset of figure 4.13 a) shows 

lattice fringes. The distance between fringes is measured to be 0.31 nm, which 

correspond to the (112) orientation of the kesterite CZTS structure. The average size of 

the nanoparticles is estimated at 43 ± 36 nm by measuring over 200 nanoparticles from 

different areas of the TEM grid. The electron diffraction (fig 4.13 c)) obtained for the 

particles in figure 4.13 a) present six distinct diffraction rings that matches the 

reflections of the CZTS crystal structure.   

Using experiment 7 as a standard, we will be able to compare the particle size, shape 

and structure in experiments 8 and 9 and evidence the effect of the hydride reducing 

agent. 

Experiment 8: LiBH4 as reducing agent 

Experiment 8 explores the role of lithium borohydride injected in the reaction mixture 

before heating. 
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Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent 
Reducing 

agent 

8 
0.5 

mmol 
0.3 

mmol 
0.2 

mmol 
1 

mmol 
280 Oleylamine  LiBH4 

Table 4.6: Key variables in experiment 8 

 

0.099 g of copper acetate, 0.075 g of zinc acetate, 0.045 g of tin dichloride and 0.035 g 

of elemental sulfur were ground together in a mortar and suspended in 10 mL of 

oleylamine. The solution has a dark brown colour. The mixture is transferred into a 50 

mL three necked flask linked to a distillation set-up. The mixture is degassed  under 

vacuum for 1h at room temperature then purged with nitrogen for 15 minutes. 10 mL of 

2M lithium borohydride in tetrahydrofuran was injected in the solution. An large 

amount of foam was produced and some of the solution transferred into the collection 

flask of the distillation apparatus. After 15 minutes of reaction, 5 mL of methanol was 

added to the mixture to quench the remaining unreacted reducing agent. The 

temperature was increased to 130°C for 1 hour to remove the methanol and the 

tetrahydrofuran. The temperature is then raised to 280°C and the mixture was left to 

react for one hour. The system was slowly cooled to room temperature. 5 mL of ethanol 

was added to the mixture to facilitate the separation of the nanoparticles. The solid was 

collected by centrifugation at 140.000 rpm for 2 minutes. The nanoparticles were 

washed 3 times in a mixture 1/1 methanol/toluene. 

Results 

The crystal structure of the obtained crystal was determined by XRD. Figure 4.14 

represents the spectrum for the nanocrystals synthesized in experiment 8. The pattern 

is compared to the standard JCPDS card for CZTS. 
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Figure 4.14: XRD pattern of the crystals obtained in experiment 8. 

The XRD spectrum for nanoparticles obtained by chemical reduction with LiBH4 followed 

by a heat treatment at 280°C present multiple peaks, attesting of the crystalline nature 

of the nanoparticles. The spectrum does not match the JCPDS standard for CZTS. The 

spectrum can be matched to three structures: Cu3Sn (JCPDS card 01-1240), ZnS (JCPDS 

card 01-0792) and β-Sn (JCPDS card 86-2264). If all the precursors were decomposed at 

the same time, we expect the formation of small size CZTS crystals. The presence of 

these three different phases proves that the use of lithium borohydride did not narrow 

the decomposition time difference between the four precursors. 

 

Using transmission electron microscopy, we can determine the size and shape of the 

nanocrystals and assess the effect of the LiBH4 reduction on the particle size distribution. 

Figure 4.15 represents the TEM images of the particles obtained in experiment 8, the 

corresponding size distribution and the electron diffraction spectroscopy image of the 

crystals.   
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Figure 4.15: a) HRTEM and TEM images of crystals from experiment 8 and b) the 

corresponding size distribution. c) the EDS image exhibiting the diffraction rings. 

Figure 4.15 a) shows TEM images of the nanocrystals obtained after reduction with 

LiBH4. The nanocrystals vary in size and shape. The HRTEM image have a 3.3 Å spacing 

between lattice fringes that correspond to the (111) orientation of ZnS.28,29 The average 

size of the nanocrystals in estimated at 29.1 ± 51.5 nm. The particles are more disperse 

in size and larger than expected with the use of LiBH4. The EDS diffraction rings match 

mostly the ZnS structure, but lower intensity rings are present too, which is in good 

agreement with the XRD data of the nanocrystals.30 

 

The addition of lithium borohydride led to the production of multiple phases, but not 

Cu2SnZnS4. The hydride reducing agent was expected to get closer to the “burst” 

nucleation phenomenon than the temperature decomposition, as the different 

precursors decompose at different temperature and the heating process is not instant 

enough to create a flash nucleation. LiBH4 was not strong enough to simultaneously 

decompose all the precursors. A stronger reducing agent like LiAlH4 might achieve a 

short decomposition event. 
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Experiment 9: LiAlH4 as reducing agent 

LiBH4 did not shorten the reduction time difference between the four precursors. LiAlH4 

is a stronger reducing agent, so it is expected to quickly reduce the precursors into 

nuclei to form small particles of pure CZTS. Experiment 9 explores the role of lithium 

aluminium hydride injected in the reaction mixture before heating. 

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent 
Reducing 

agent 

9 
0.5 

mmol 
0.3 

mmol 
0.2 

mmol 
1   

mmol 
130 Oleylamine  

LiAlH4 

Table 4.7: Key variables in experiment 9 

0.099 g of copper acetate, 0.075 g of zinc acetate, 0.045 g of tin dichloride and 0.035 g 

of elemental sulfur were grinded together in a mortar and dissolved into 10 mL of 

oleylamine. The mixture is transferred into a 50 mL three necked flask linked to a 

distillation set-up. The mixture is degassed  under vacuum for 3 hours at room 

temperature. The mixture was then slowly heated up 130°C under vacuum for 3 more 

hours, until the bubbling of the oleylamine stopped, indicating the removal of all the 

water impurity in the oleylamine and the water contained in the precursors. The mixture 

was let to cool down naturally and  purged with nitrogen over night. 10 mL of lithium 

aluminium hydride were supposed to be injected in the mixture, but the injection of 

around 1 mL provoked a violent gas reaction, the reaction was aborted. 

To prevent the violent reaction created by the introduction of LiAlH4, the next 

experiments (10 and 11) will be conducted in a larger volume of solvent.  

 

Experiments 10 and 11: using lower precursors concentrations 

Experiments 10 and 11 explore the function of the reducing agents lithium borohydride 

and lithium aluminium hydride in a larger amount of solvent to precursor ratio to avoid 

the violent reaction created by the injection of the strong hydride reducing agents. 
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Experiment 10: LiBH4 as reducing agent in a lower concentrated solution than 

exp 8 

Experiment 10 looks into the role of lithium borohydride injected in the reaction mixture 

containing a larger amount of solvent than experiment 9 before heating. 

 

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent 
Reducing 

agent 

10 
0.1 

mmol 
0.06 

mmol 
0.04 

mmol 
0.2 

mmol 
280 

Oleylamine 
and 

Octadecene 

LiBH4 

Table 4.7: Key variables in experiment 10 

0.0198 g of copper acetate, 0.015 g of zinc acetate, 0.009 g of tin dichloride and 0.007 g 

of elemental sulfur were grinded together in a mortar and dissolved into 10 mL of 

oleylamine and transferred into a 100 mL three necked flask attached to a distillation 

set-up. The mixture was degassed under vacuum for two hours at room temperature. 

The temperature was raised to 100°C under vacuum for one hour. The mixture was then 

purged with nitrogen and cooled to room temperature.  20 mL of octadecene was 

injected in the reaction vessel and degassed under vaccum for another 30 minutes. 2 mL 

of  lithium borohydride were injected into the flask and left to react for 10 minutes. The 

excess LiAlH4 was quenched by the injection of 2 mL of methanol. The temperature is 

then raised to 280°C and the mixture was left to react for one hour. The system was 

slowly cooled to room temperature. 5 mL of ethanol was added to the mixture to 

facilitate the separation of the nanoparticles. The solid was collected by centrifugation 

at 140.000 rpm for 2 minutes. The nanoparticles were washed 3 times in a mixture 1/1 

methanol/toluene. 

Results 

The XRD analysis of the nanocrystals obtained after reduction with LiBH4 is presented in 

figure 4.16. We expect the peak position and intensity to match the JCPDS standard for 

Cu2ZnSnS4. 
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Figure 4.16: XRD spectrum from nanocrystals in experiment 10. 

The spectrum in figure 4.16 does not match the CZTS structure, but presents a multitude 

of peaks assessing of the crystalline nature of the nanoparticles. The peaks can be 

matched to mostly ZnS (JCPDS card 01-0792), SnS (JCPDS card 01-0984) and Cu2S (JCPDS 

card 46-1195).  

TEM imaging will give us the average size and shape as the particles and SAED will 

evidence the structure of nanocrystals of a given area of the TEM grid. (fig 4.17) 
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Figure 4.17: a)TEM image of nanocrystal from experiment 10, b) the corresponding size 

distribution and c) the electron diffraction rings from the nanocrystals in a). 

The nanocrystals vary in size and shape, from small spherical crystals to large hexagonal 

crystals. The average size of the nanoparticles is estimated at 35.4 ± 70.4 nm. The EDS 

diffraction rings match mostly the ZnS crystal structure. 

The introduction of lithium borohydride did not succeed in the production of small 

monodisperse CZTS nanocrystals. Using LiBH4 generated a large size distribution and a 

multitude of crystal structure. As lithium aluminium hydride has stronger reducing 

properties, we expect to reach these goals in experiment 11. 

 

Experiment 11: LiBH4 as reducing agent in a lower concentrated solution than 

exp 9 

In experiment 11, the role of the reduction of the zinc, copper and tin precursors using 

lithium aluminium hydride before the heating process is assessed. 

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent 
Reducing 

agent 

11 
0.1 

mmol 
0.06 

mmol 
0.04 

mmol 
0.2 

mmol 
280 

Oleylamine and 
Octadecene 

LiAlH4 

Table 4.9: Key variables in experiment 11 

0.0198 g of copper acetate, 0.006 g of zinc acetate, 0.009 g of tin dichloride and 0.007 g 

of elemental sulfur were grinded together in a mortar and dissolved into 10 mL of 

oleylamine and 20 mL of octadecene and transferred into a 100 mL three necked flask 

attached to a distillation set-up. After 30 minutes of degassement at room temperature, 

the temperature was raised to 110°C and the mixture was kept under vacuum for four 

hours. The mixture was then purged under nitrogen and cooled down to room 

temperature naturally. 2 mL of lithium aluminium hydride was injected in the flask. A 

large amount of foam was produced, and some of the reaction mixture transferred into 

the collection flask of the distillation apparatus. The remaining reducing agent was 

quenched with 2 mL of methanol. The mixture was heated to 130°C for one hour to 

remove the low boiling point solvents present in the mixture (methanol and 
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tetrahydrofuran). The temperature was raised to 280°C and the solution was left to 

react for one hour. After the reaction mixture was cooled down to room temperature 

naturally, 5 mL of ethanol was injected to facilitate the separation of the crystals. After 

centrifugation at 140.000 rpm for 5 minutes followed by three washings in a 1/1 mixture 

of methanol and toluene, no solid was collected. The produce of the reaction was some 

form of gel. The reaction was aborted. 

The combination of heat treatment and chemical reduction by hydride reducing agent 

produces violent reactions that are difficult to control. A room temperature approach 

for chemical reduction  is preferable. In the next section, we introduce the reverse 

micelle technique for CZTS nanocrystals synthesis, involving the chemical reduction of 

precursors in room temperature solvent in presence of a surfactant molecule. 

 

4.2.2. Room temperature synthesis by chemical reduction based on the 

reverse micelle principle 

The high temperature syntheses reported previously in this chapter did not achieve a 

monodisperse small growth of CZTS nanocrystals. In this section, the reverse micelle 

synthetic method to produce CZTS nanocrystals was investigated. The 

surfactant/solvent mixture combined to the use of a strong reducing agent is expected 

to synthesize small monodisperse CZTS particles. Chemical reduction synthesis in 

reverse microemulsion has been first developed to produce metallic nanoparticles.31 In 

the Tilley group, the reverse micelle synthesis was developed to produce small 

monodisperse silicon and germanium nanoparticles.32-33  

In the following experiments (12-14), the syntheses were conducted at room 

temperature, the reaction being initiated by the reduction of metal salts into monomers 

using strong hydride reducing agents. 

Experiment 12 : reverse micelle synthesis and reduction using LiAlH4 

Experiment 12 describes the reverse micelle synthesis using lithium aluminium hydride 

as a reducing agent. 
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Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent Surfactant 
Reducing 

agent 

12 
0.05 

mmol 
0.025 
mmol 

0.025 
mmol 

0.1 
mmol 

Room 
temperature 

Toluene TOAB LiAlH4 

Table 4.10: Key variables in experiment 12 

0.0099 g of copper acetate, 0.008 g of zinc acetate, 0.005 g of tin dichloride, 0.004 g of 

elemental sulfur and 0.5 g of tetraoctylammonium bromide were ground together in a 

mortar. 5 mL of toluene was added. The solution was transferred into a Schlenk tube 

and degassed under vacuum for 15 minutes. About half of the toluene was evaporated 

and collected in a cold trap. After purging with nitrogen for 10 minutes, 30 mL of 

anhydrous toluene was injected in the Schlenk tube. The mixture was  purged with 

nitrogen for another thirty minutes. 3 mL of 1M lithium aluminium hydride solution in 

THF were then swiftly injected in the mixture. The blue-green solution turns orange then 

black rapidly. After 30 minutes, 5 mL of ethanol was added to the mixture to quench the 

excess LiAlH4. Some foam is produced. The particles were separated by centrifugation at 

140.000 rpm for 5 minutes followed by three washings in a 1/1 mixture of methanol and 

toluene. 

Results 

The nanocrystals were first analysed by XRD to determine their crystal structure. 

 

Figure 4.18: XRD spectrum of the nanoparticles obtained in experiment 12 
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The XRD spectrum obtained after the microemulsion synthesis using LiAlH4  presents a 

multitude of crystals phases. The largest peaks can be matched to Cu2S and Al2S3. 

Alumina can match some of the peaks. But other impurity structures are also present. It 

is difficult to assess the exact composition of the nanocrystals as many of the XRD 

patterns possible with the element present in solution present similar peak positions. 

 

TEM imaging provides information towards the size and shape of the formed 

nanocrystals. Figure 5.9 is a TEM image of the particles obtained in experiment 12. 

 

Figure 4.19: Low resolution TEM image of the crystals obtained in experiment 12 

 

The TEM image show large nanowires about 250 nm long and 40 nm wide. The rest of 

the matter seen on the image does not have a particle shape. It is most likely 

agglomerated combinations of the reactants. According to the literature, CZTS has not 

been synthesized in the nanowire shape without a hard template like porous alumina 

(AAO).34-35  

The nature and composition of the nanowires and other particles observed on the TEM 

image can be determined by electron dispersion spectroscopy (EDS) by determining the 

ratio of each element present in the sample. Figure 4.20 is the EDS spectrum obtained 

from the particles obtained in experiment 12. 
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Figure 4.20: EDS spectra obtained for the crystals synthesized by the reduction of LiAlH4 
in toluene at room temperature 

 

EDS analysis gives the following ratio of elements: carbon 18 %, oxygen 43 %, aluminium 

22%, sulphur 4%, copper 5%, zinc 1% and tin 7%. The gold peak correspond to the gold 

from the TEM grid. The high ratio of oxygen and aluminium suggest that the nanowires 

observed on the TEM image are composed of alumina. Alumina can be grown in the 

nanowire configuration.36,37 The quenching of the large excess LiAlH4 with methanol lead 

to the production of those alumina crystals and they were not seggregated from the 

particles made by the copper, zinc, tin and sulphur during the purification process. 

Using a different reducing agent, such as LiBH4, should remove alumina or other 

aluminium impurities.  
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Experiment 13: reverse micelle synthesis and reduction using LiBH4 

This experiment explores the synthesis at room temperature using the molecular ratios 

as followed: 

Cu : (Zn + Sn) = 1  and  Zn : Sn = 1 

It is the same ratio of precursors as used in experiment 13. The difference between 

experiments 12 and 13 rely on the reducing agent. In this experiment, we observe the 

role played by LiBH4 and expect to avoid the production of alumina impurities like in 

experiment 12.  

Experimental 

Exp 
No 

Cu Zn Sn S Temperature Solvent Surfactant 
Reducing 

agent 

13 
0.5 

mmol 
0.25 

mmol 
0.25 

mmol 
1 

mmol 
Room 

temperature 
Toluene TOAB LiBH4 

 
        

Table 4.11: Key variables in experiment 13 

0.5 g of TOAB and 0.085 g of copper chloride dihydrate were placed in a Schlenk tube, 

degassed under vacuum for 15 minutes then purged with nitrogen for 20 minutes. 30 

mL of anhydrous toluene was injected into the tube. After 10 minutes of active stirring, 

0.25 mL of zinc chloride solution and 0.25 mL of tin tetrachloride solution were added to 

the mixture. The solution present a deep red color. After 30 minutes of stirring, 4 mL of 

lithium borohydride solution in THF was injected in the reaction solution.  The solution 

turns black. After 10 minutes, 0.032 g of sulphur dissolved into 2 mL of toluene were 

added to the mixture. The nanoparticles were collected by centrifugation at 140.000 

rpm for 5 minutes and purified by three washings in a 1/1 mixture of methanol and 

toluene. 

Results 

We first want to determine the crystal structure of the nanocrystals obtained in 

experiment 13 using XRD. Figure 5.21 represents the XRD spectrum.  
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Figure 4.21: XRD spectrum from particles obtained in experiment 13 

The XRD spectrum from particles synthesized using LiBH4 present several crystal 

structures. The main structure corresponds to the kesterite structure of CZTS. The 

impurity phases can be matched mostly to other sulphides such as SnS and Cu2S. 

Using the transmission electron microscopy, we determine the size and shape of the 

nanocrystals. Also, SAED rings assess the structure of the crystals on a given area of the 

grid. 

 

Figure 4.22: Low resolution TEM of the nanocrystals obtained in experiment 13, 
assessing the size and shape of the nanocrystals 
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The particles have a spherical shape. The average size of the crystals is estimated at 3.8 

± 3.9 nm by measuring over 200 particles from different areas of the TEM grid. The 

nanoparticles are smaller than most reported CZTS particles.38-40 The 0.3 nm distance 

between lattice fringes on the high resolution TEM image seen in the inset of fig. 4.22 a) 

is in agreement with the distance between (112) crystal plans in CZTS nanostructures. 

The diffraction rings obtained by SAED measurements over the area of the grid 

represented in fig. 4.22 a) exhibit the 3 rings characteristic of CZTS structure.  

According to the XRD data, the nanoparticles presented several crystal structures. TEM 

image in figure 4.22 only represents a small area of the grid.  Performing EDS 

measurements on several areas of the grid will establish the nature of the crystals. 

Figure 4.23 represent the EDS spectrum of the specific area seen in figure 4.22, but table 

5.11 synthesises the molar percentages of each element for four different areas of the 

grid. 

 

Figure 4.23: EDS pattern obtained for the area of nanocrystals shown in figure 5.22 
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EDS 
zone 

Cu Zn Sn S Cu : (Zn + Sn ) Zn : Sn 

1 13.07 4.52 1.39 8.69 2.21 3.25 

2 6.03 2.63 0.61 4.41 1.86 4.31 

3 4.22 0.99 0.21 3.04 3.52 4.71 

4 2.04 0.48 0.11 1.63 3.46 4.36 

Table 4.12: molar percentages of each elements and ratios calculated from EDS spectra 

for 4 different regions of nanocrystals obtained from experiment 13 

 

The molar percentage of copper, tin, zinc and sulphur differ between the four different 

areas analysed. Also, none of the ratios match the initial ratio of the precursors in 

solution. Even if the SAED spectrum in figure 4.22 present the rings for CZTS 

nanocrystals, the molar ratios of all the elements in zone 1 does not allow to conclude to 

a successful CZTS nanocrystals synthesis. Other phases are present as impurities.  

Using a different ratio of initial precursors is expected to limit the production of impurity 

phases seen in this experiment. 

 

Experiment 14: reverse micelle synthesis and reduction using LiBH4 with a tin 

rich precursors ratios 

Due to the impurities phases observed in experiment 13, we expect a change of 

precursors relative ratio will limit the synthesis to only the CZTS crystal structure. The 

ratios of precursors in this experiment were calculated according to the proportions 

used in the synthesis published by the Prieto group and following these equations:  9,41 

Cu : (Zn + Sn) = 0.8   and   Zn : Sn = 1.2 

The reducing agent used is LiBH4 in order to avoid aluminium impurities, like the ones 

observed in experiment 11. 
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Experimental 

Cu Zn Sn S Temperature Solvent Surfactant 
Reducing 

agent 

0. 44 
mmol 

0. 3 
mmol 

0. 25 
mmol 

1  
mmol 

Room 
temperature 

Toluene TOAB LiBH4 

Table 4.13: Key variables in experiment 14 

0.5 g of copper chloride dihydrate and 0. 5 g of TOAB were placed in a Schlenk tube. The 

reaction vessel was degassed under vacuum for 15 minutes then purged under nitrogen 

for twenty minutes. 30 mL of anhydrous toluene was injected. 0.3 mL of zinc chloride 

solution and 0.25 mL of tin tetrachloride solution were injected into the Schlenk tube. 

The dark brown solution was stirred for 15 minutes. 4 mL of 2M lithium borohydride in 

tetrahydrofuran was injected. The solution turned transparent instantly then black 

within a few seconds. After 30 minutes, 0.0032 g of sulphur dissolved into 2 mL of 

toluene was injected into the solution. The nanoparticles were collected by 

centrifugation at 140.000 rpm for 5 minutes and purified by three washings in a 1/1 

mixture of methanol and toluene. 

Results 

We first assess the crystal structure of the nanocrystals via XRD. Figure 4.24 represents 

the XRD patter obtained for the crystals in experiment 14. 

 

Figure 4.24: XRD pattern obtained from nanocrystals synthesized in experiment 14 
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A large background noise was substracted from the XRD spectrum to clarify the 

diffraction peak pattern. The background noise arises from amorphous matter. Even 

after purification, the sample presents some amorphous material. The remaining peaks 

can be partially matched to the CZTS kesterite structure, as represented with red circles 

in figure 4.24. 

TEM images and selected area electron diffraction gives insight on the size shape and 

structure of the nanocrystals.  

 

Figure 4.25: Low resolution TEM obtained in experiment 14 

 

The nanoparticles are mostly spherical in shape. The average size is estimated at 14.5 ± 

13.0 from different areas of the TEM grid. The average size is larger than expected from 

previous reports of nanocrystals grown by microemulsion synthesis using LiBH4 (refer to 

chapter 3).42 The SAED diffraction rings obtained for the crystals in figure 5.5 a) do not 

match the CZTS structure. It can be matched to the metallic tin structure, attesting that 

this particular area of the TEM grid contains mostly tin nanoparticles.  

The EDS analysis on six different areas of the TEM grid will permit to  evaluate the ratio 

of copper, zinc, tin and sulphur towards the conclusion of a the synthesis of CZTS 

nanocrystals with a minority of other crystal impurities. Figure 4.26 represents the EDS 
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spectrum obtained from the TEM image in figure 4.25 a) and table 4.14 summarizes the 

molar percentage of each elements on the six different areas of the TEM grid tested. 

 

Figure 4.26: EDS pattern obtained for the area of nanocrystals shown in figure 5.25 

EDS 
zone 

Cu Zn Sn S Cu : (Zn + Sn ) Zn : Sn 

1 0.8 1.04 3.44 1.57 0.18 0.30 

2 1.97 4.23 12.69 5.14 0.12 0.33 

3 1.96 4.48 6.41 6.02 0.18 0.70 

4 1.32 10.02 5.09 10.96 0.09 1.97 

5 2.73 5.27 12.31 6.6 0.16 0.43 

6 2.48 3.91 9.57 5.12 0.18 0.41 

Table 4.14: molar percentages of each elements and ratios calculated from EDS spectra 
for 4 different regions of nanocrystals obtained from experiment 14 

 

The EDS ratios of the copper, tin, zinc and sulphur reported in table 4.13 do not 

correspond to the expected percentages in a Cu2ZnSnS4 structure. It also does not match 

the initial ratio of precursors used in the synthesis process. Zone 1 corresponds to the 
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figure 4.25 TEM image, and the high percentage of tin compared to the other elements 

confirms the main presence of tin nanoparticles on that specific area. It can be 

concluded that the chemical reduction of the different precursors with lithium 

borohydride did not occur simultaneously, which resulted in the formation of several 

phases. 

The attempts of synthesis of CZTS nanocrystals were proven difficult and the 

discrepancy in chemical reduction time led to the formation of multiple crystal 

structures.  

In the next section is reported the experiments conducted towards the synthesis of each 

individual tin, zinc and copper sulphides to prove that microemulsion technique can 

produce binary nanocrystals, even though the formation of quaternary nanoparticles 

remains challenging. 

 

4.3. Microemulsion synthesis of metal sulphides 

 

As the chemical reduction synthesis of CZTS did not succeed in the production of pure 

kesterite CZTS structure, the possibility of producing each sulphide using hydride 

reducing agents is evaluated towards establishing whether the difference in reduction 

time causes the different phases.  Three different experiments were conducted with the 

aim at the synthesis of copper sulphide, tin sulphide and copper disulphide. 

Experimental 

Exp 
no 

Cu Zn Sn S Temperature Solvent Surfactant 
Reducing 

agent 

15 
2 

mmol 
- - 

1 
mmol 

Room 
temperature 

Toluene TOAB LiBH4 

16 - 
1  

mmol 
- 

1 
mmol 

Room 
temperature 

Toluene TOAB LiBH4 

17 - - 
1  

mmol 
1 

mmol 
Room 

temperature 
Toluene TOAB LiBH4 

Table 4.15: Key variables in experiments 15, 16 and 17 
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TOAB (0.5 g) was placed in a Schlenk tube along with either 0.41 g of copper acetate 

dihydrate or 0.22 g of zinc acetate or 0. 23 g of tin dichloride, degassed under vacuum 

for 15 minutes then purged with nitrogen for 20 minutes. Then, 30 mL of anhydrous 

toluene was injected into the tube. After 1 hour minutes of stirring to dissolve the 

precursor salts, 4 mL of lithium borohydride solution in THF was injected in the reaction 

solution. After 10 minutes, 0.032 g of sulphur dissolved into 2 mL of toluene were added 

to the mixture. The nanoparticles were collected by centrifugation at 140.000 rpm for 5 

minutes and purified by three washings in a 1/1 mixture of methanol and toluene. 

 

Results 

The crystals structures of the obtained crystals are evaluated by XRD. The spectra 

represented in figure 4.27 are compared to the JCPDS standards for ZnS (card 89-2174), 

Cu2S (card 26-116) and SnS (card 53-0526). 

 

 

Figure 4.27: XRD spectra of ZnS, Cu2S and SnS 
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The XRD spectrum of ZnS (red in figure 5.27) presents very broad peaks centered on the 

positions of the (0028), (110) and (029) reported in the JCPDS card. Those three 

reflections are reported to be the highest reflection intensities. It is concluded that the 

ZnS crystal structure (wurtzite) was synthesized for the nanoparticles in experiment 16 

(black in figure 4.27). The SnS nanocrystals spectrum can be matched to the SnS 

standard through all the major reflections, (012), (004), (113), (022) and (016). Because 

no other phase was observed, the particles prepared are of pure SnS nature. Finally, the 

Cu2S spectra (blue in figure 4.27) is matched to the chalcocite standard of Cu2S with a 

match on all major reflections: (101), (102), (110), (103), (201), (202) and (114). 
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Figure 4.28: TEM images and corresponding size ditribution of a) Cu2S, b) SnS and c) ZnS 

TEM images in figure 4.28 show some agglomeration of the nanocrystals. It can still be 

distinguished the sherical shape of the nanocrystals. Cu2S crystal sizes are in the range of 

7.6 ± 5.1 nm, SnS nanocrystals have a size distribution of 6.6 ± 4.1 nm and ZnS 

nanoparticles have an average size of 2.2 ± 1.5 nm. The discrepancy in sizes for the three 

metal sulphides is evidence for a difference in nucleation time between the 3 samples. 
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The smallest average size of ZnS nanocrystals manifest of a “burst” nucleation process 

created by the reduction of zinc acetate by lithium borohydride. 

The microemulsion synthesis was successful in the production of SnS, ZnS and Cu2S 

nanocrystals. Binary nanoparticles can be synthesized using the microemulsion 

technique. It is a promising stepping stone towards ternary and quaternary nanocrystals 

that have never been reported using the chemical reduction in reverse micelle principle. 

 

4.4. Discussion 

 

Samples taken at various temperatures between room temperature and 280°C reveal 

that pure CZTS nanocrystals of the kesterite structure were obtained after treatment at 

260°C or higher. At lower temperatures, the CZTS particles presented an additional 

nanoparticle structure that can be matched to the wurtzite structure. The pure kesterite 

structure of Cu2ZnSnS4 was achieved via a solution process by Zou et al using a single 

complex precursor decomposing at 220°C.43 Catley et al reported the wurtzite/kesterite 

transformation  with temperature. They achieved the CZTS structure by decomposing 

four metal complexes as precursors.44 

By comparing the CZTS nanocrystals synthesized in solvents with different coordination 

strength, the role of the solvent on the particle size was established. Using only 

oleylamine, the particles have a much smaller size than using octadecene. Oleylamine 

acts as a surfactant, thus limiting the size of the crystals. The binding strength of amines 

limits the size of nanoparticles.45,46 

The synthesis via hot injection of precursors has been reported to improve the size and 

shape control on nanoparticle formation.47,48 The sizes of the CZTS nanocrystals 

synthesized by hot injection of the four precursors (exp 5) and the CZTS nanoparticles 

obtained by decomposing the precursors present in solution before heating (exp 2) 

decreases from 19.0 to 6.8 nm on average. Nevertheless, the simultaneous injection of 

the four precursors is a difficult procedure. The hot injection of tin, zinc and sulphur 
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precursors in the hot solvent containing the copper precursor did not lead to the 

formation of pure CZTS, because of a difference in decomposition times of the 

precursors. 

Chemical reduction synthesis is expected to produce smaller particles than high 

temperature decomposition.49 It was first proposed to study the effect of using a 

reducing agent combined to the high temperature decomposition. As injecting a hydride 

reducing agent into a hot solvent would create a very violent and dangerous reaction, 

the four precursors with LiAlH4 or LiBH4 were reduced before the heating treatment. 

This technique led to the creation of multiple phases, not a pure kesterite phase.  

As combining both chemical reduction and high temperature decomposition was still 

unsuccessful in producing small monodisperse CZTS nanocrystals, a new approach in the 

synthesis of CZTS by reduction in microemulsion was investigated. Using microemulsions 

to synthesize nanoparticles is expected to reduce the particle size compared to the high 

temperature method due to the micelle confinement of the metal precursors.50 Other 

reported synthesis involving this technique involves mostly single metal oxides or 

metallic particles.51,52  Microemulsion synthesis was previously reported by the Tilley 

group to produce Si and Ge quantum dots.32,33 No CZTS nanocrystal synthesis have been 

published in the literature using the microemulsion method. Additionally, this synthetic 

process does not require high temperature and is conducted at room temperature. Only 

Cu2ZnSnS4 thin films have been synthesized at room temperature by Shinde et al using a 

successive ionic layer adsorption and reaction (SILAR) method.53 Our attempts at 

chemical reduction in reverse-micelle environment to form CZTS was not successful in 

the production of the CZTS phase, but generated particles of various phases with a 

significant decrease of particle size down to around 4 nm (exp 13). Thhis can be 

explained in terms of the reduction ability of the four precursors by the hydride 

reducing agent differ. This leads to a disparity of nucleation events of the four elements 

copper, tin and zinc, that then react a different time with the elemental sulphur, 

resulting in the synthesis of nanocrystals with various composition and crystal phases.   

Finally, the chemical reduction in reverse micelle synthesis principles was applied to 

synthesize each metal sulphide individually: Cu2S, SnS and ZnS. XRD analysis confirmed 
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the pure crystal phases of each of the three metal sulphides. TEM confirms the 

production of nanoparticles with a narrow size distribution. ZnS presented the smallest 

size, down to around 2.2 nm. The size of our nanocrystals is smaller than the ones 

reported by Xu et al via hydrothermal solution synthesis.54 Using a high temperature 

synthesis, Ning et al produced monodisperse nanoparticles with an average size of 4.6 

nm.55 In the Tilley group, Dr. Sherry Xu et al produced 3 nm size water soluble SnS 

nanoparticle using the high temperature method.56 Our method reported here 

succeeded in the production of SnS particles with a 6.6 nm average size. In comparison, 

Cu2S has been more reported than the two other single metal sulphides reported in this 

study. It developed a large interest due to its semiconducting properties and possible 

applications in solar cells.57 Korgel was the pioneer in the synthesis of Cu2S 

nanostructures in 2003 with a solventless method.58 The Li group reported highly 

monodisperse Cu2S nanocrystals with an average size of 8.2 nm using an autoclave 

synthesis.59 The shape of the Cu2S nanocrystals obtained in this study are not up to the 

shape control standard of Li and Korgel, but the 7.6 nm average size we observe is a 

great step towards future work on shape control and/or device application in solar cells. 

The changes in size vs. crystal structure for the metal sulphides supports the hypothesis 

that the difference in reducing abilities of the precursors causes multiple phases when 

using the reverse micelle process.  For future work, it is possible that different 

precursors or complexes of precursor containing all the desired elements would be the 

best approach to overcome this problem. 
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5. Germanium, tin and 
tin/germanium alloy nanoparticles 

 

After silicon, tin and germanium are the next most abundant elements from the group 

IV. All semiconductors from this material group have great properties that make them of 

interest for electronic applications.1-3 After studying silicon quantum dots in chapter 3, 

this chapter looks into germanium quantum dots and tin nanoparticles.  

Germanium quantum dots (GeQDs) have been significantly less studied than silicon 

quantum dots, but present similar properties. They exhibit a strong blue/green 

fluorescence. The larger Bohr radius allows GeQDs to reach the quantum confinement 

regime (and thus the photoluminescence properties) at larger particle size than in the 

case for silicon.4,5 There is just a few reports of the influence of the surface passivation 

on the optical properties of germanium nanocrystals,  so in this study it is proposed to 

investigate the optical properties of germanium nanocrystals capped with four different 

surface ligands. 

Tin can be found in two different solid state phases. The most common phase of tin is a 

metal, called β. Below 13°C, tin transforms into what is commonly known as grey tin or 

tin pest, which has semiconductor properties. The semiconducting phase of tin (or α-tin) 

presents the same diamond cubic structure than silicon and germanium. The bulk α-tin 

has a low direct band gap 0.08 eV and nanoparticles are expected to have a large band 

gap for photovoltaic applications when their dimensions are in the quantum confined 

region.6 Also the nanoparticle form is expected to increase the temperature stability of 

the α-tin phase.7 So far, no solution phase synthesis of these particles has been reported 

in the literature.  

Due to their similar crystal structures, tin and germanium can be alloyed and modified 

properties compared to their single material properties are expected, such as a direct 

band gap.8,9 But due to their difference in lattice parameter, tin-germanium alloys are 

challenging. Tin-germanium alloys have not yet been synthesized via solution phase. 
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Physical methods, such as molecular beam epitaxy, have been reported to be successful 

in the production of tin-germanium alloy nanostructures.10-13  

In this research, germanium quantum dots and tin nanoparticles were synthesized by 

chemical reduction using a hydride reducing agent. To achieve the semiconducting α-tin 

phase, tin was alloyed with its structural germanium homologue. Nanocrystals were 

characterized by TEM, XRD and UV-Visible and photoluminescence spectroscopies. 

5.2. Germanium quantum dots synthesis and optical properties 
 

The solution phase synthesis methods are the most reported for the formation of 

germanium nanoparticles. These methods involve either chemical reduction or high 

temperature decomposition of germanium precursors. Kauzlarich et al reported a 

solution method using a combination of NaGe with GeCl4 or NH4Br.13,14 Lu and co-

workers formed germanium nanocrystals by thermolysis of germanium precursors in 

supercritical solvents.15 An ultrasonic solution reduction method based on the reduction 

of GeCl4 by metal hydride or alkaline in ambient condition has been reported by Wu et 

al.16 The nanocrystals with an average 5 nm size exhibit a photoluminescence emission 

with a maximum at 352 nm. Wilcoxon and co-workers described an inverse micelles 

synthesis by reduction of an ionic salt by lithium aluminium hydride. A PL in the range 

350–700 nm was observed from nanocrystals 2–5 nm in size.17 In this section, GeQDs 

were synthesized using the microemulsion method developed by the Tilley group.18 This 

technique yields highly luminescent nanoparticles.  These were then investigated in 

respect of the influence of four capping molecules on their optical properties. Lithium 

borohydride was chosen to reduce the germanium salt as it has been previously shown 

to produce small monodisperse silicon quantum dots (see chapter 3). 

Experimental 

In a typical experiment, 1 g of tetraoctylammonium bromide (TOAB) was dissolved in 50 

mL of anhydrous toluene under nitrogen. After 10 minutes of active stirring, 0.3 mL of 

GeCl4 was injected into the solution. The solution was stirred for 1 hour to form reverse 

micelles. Then, 4 mL of LiBH4 were swiftly injected into the Schlenk tube. The solution 

was left to react for one hour. The solution was then transferred into a quartz tube, 
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preliminary purged and filled with N2. For amine terminated GeQDs, 2 mL of allylamine 

were injected into the solution. For dodecene surface capping, 2 mL of dodecene were 

injected in the quartz tube. The solution was then exposed to UV-light at 254 nm for 

four hours. 

Amine terminated GeQDs were purified by size exclusion column chromatography. The 

solution after UV treatment was filtered using a Fisher Scientific paper filter with a 0.5 

μm pore size, and then concentrated to 2 mL with a rotary evaporator.  After five 

minutes of homogenization in an ultrasonic bath, the solution was then put on top of 

the column (φ = 1 cm, 41.0 cm), containing Sephadex gel LH-20 (beads size 25-100 μm) 

as the stationary phase in HPLC grade methanol. The flow rate was set to one drop every 

four seconds, and fractions were collected every 50 drops. Each fraction was checked for 

luminescence with a handheld UV lamp (365 nm).  Luminescent fractions were collected 

and concentrated to 1 mL under vacuum. The size exclusion process was repeated three 

times to obtain pure surface passivated germanium quantum dots.  

Dodecene terminated GeQDs were purified by liquid/liquid phase separation. The UV 

treated solution was filtered using the 0.5 μm pore size filter paper then the toluene 

was evaporated using a rotary evaporator. The nanoparticles were dissolved in 10 mL of 

hexane and then placed in a separating funnel along with 10 mL of N-methylformamide. 

After 3 washes with N-methylformamide, 3 more washes were done using deionised 

water.  

Epoxy terminated GeQDs were obtained by reacting dodecene terminated GeQDs 

dissolved in 10 mL of dichloromethane with 0.3 g of meta-chloroperoxybenzoic acid 

under active stirring for 6 hours. The particles were washed by liquid-liquid phase 

separation using a saturated sodium sulphite solution as the aqueous phase for 2 

washes and then two more washes using a 10 M sodium hydroxide solution. 

Diol terminated GeQDs were obtained by reacting epoxy-terminated GeQDs dissolved in 

1 mL chloroform and 2 mL of water with 2 mg of tetrabutylammonium hydrogen 

sulphate by stirring for 16h at 40°C. The mixture was washed with 10 mL of diethyl ether 

for 3 times. 
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The surface chemistry of germanium quantum dots and the chemical reactions are 

presented in scheme 5.1. 

 

Scheme 5.1: Chemical reactions on the surface of germanium quantum dots to produce 

dodecene-epoxy- and diol-terminated GeQDs 

 

Characterization 

The average size and shape of the nanoparticles is determined using transmission 

electron microscopy. Figure 5.1 represents the TEM images obtained for germanium 

quantum dots with the four different surface terminations: amine, dodecyl, epoxy and 

diol and their corresponding size distribution diagrams. 
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Figure 5.1: TEM images obtained for germanium nanocrystals terminated with a) 

allylamine, b) dodecene, c) epoxy and d) diol and their corresponding size distribution 

diagrams. 
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The four GeQDs samples present a regular spherical shape. The average size is 

estimated by measuring 200 nanoparticles from different areas of the TEM grid. Amine-

terminated GeQDs are 2.3 ± 0.8 nm on average, dodecene-terminated ones 2.4 ± 1.2 

nm, epoxy-terminated 2.6 ± 0.8 nm and diol-terminated GeQDs average at 2.5 ± 1.0 nm. 

The slight difference in average sizes between the samples is most likely due to 

measuring errors or a different  electron density around the quantum dots affecting the 

apparent size of the nanocrystals. In conclusion, the size of the four different capped 

germanium nanocrystals is not affected by the surface capping as it occurs post-growth 

process.  

The absorption process of the four samples of germanium quantum dots was 

determined by UV-Visible spectroscopy. Amine terminated GeQDs were dispersed in 

water, diol-, epoxy- and dodecyl-terminated GeQDs were dispersed in chloroform. The 

four spectra are presented in figure 5.2. 

 

Figure 5.2: Absorbance spectra for germanium nanocrystals capped with allylamine, diol, 

dodecene and epoxy. 

 

The germanium nanocrystals terminated with amine, alkyl, epoxy or diol groups in 

solution present absorbances in the UV region. The dodecyl-, diol- and epoxy terminated 

GeQDs absorb wavelengths shorter than 350 nm with a sharp peak at 255 nm. Diol and 

epoxy surface capping molecules exhibit three local maxima at 255, 270 and 330 nm, 

attesting that three absorption process are occurring in the germanium nanocrystals. 
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Amine terminated GeQDs present two absorption peaks at 220 and 310 nm and an 

absorption edge around 410 nm. This variation of absorption peak and edge 

wavelengths indicates an influence of the capping molecule over the optical properties. 

Dodecyl-, diol- and epoxy terminated GeQDs present similar peak features but at 

different peak intensities while the absorption spectrum of the GeQDs with allylamine 

ligand is significantly different. This difference can also be explained by the solvent: 

water for the amine terminated sample and chloroform for the three other samples. 

The fluorescence of germanium nanocrystals is evaluated with photoluminescence 

spectroscopy. The same solutions as those used for the absorption were utilized. 

Spectra were recorded between 280 and 400 nm at excitation wavelength intervals of 

20 nm. The range of emission wavelengths was chosen based on the absorption 

wavelengths. 

 

 

Figure 5.3: Photoluminescence spectra for germanium nanocrystals terminated with a) 

allylamine, b) epoxy, c) dodecene and d) diol.  
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The four different terminated germanium quantum dots present different 

photoluminescence peak maxima. All four capping molecules have an emission range 

between 300 and 600 nm. However, it is noticeable that peak features are significantly 

different for the four samples. Amine and dodecene terminated GeQDs present a main 

PL peak at 450 nm, while epoxy and diol terminations lead to a maximum PL emission at 

380 nm. Epoxy-, diol- and dodecyl- ligands present a multitude of peaks with the same 

emission wavelength but different intensities. The solvent is not a factor between those 

three samples, so we here demonstrate the influence of the capping agent. The multi 

peak emission process is evidence of a multi electronic transition.19 These results cannot 

be explained only in terms of the quantum confinement effect. The direct band gap 

theory is a too simplistic approach and does not explain the variations with different 

capping agents. This study reveals a strong influence of the surface effects, not 

exclusively due to the solvent environment. This observation is in good agreement with 

Sakka et al and Shiohara et al with silicon quantum dots and recently by Wheeler et al 

for germanium quantum dots.20-22 

A photobleaching study evaluates the chemical degradation of a dye or chromophore 

under light exposure over time. We compare the degradation of our germanium 

quantum dots with different surface capping to the photodegradation of tryptophan in 

solution, a commercially available dye. The dye was chosen for its emission wavelength 

as it is in the same range as GeQDs.23,24 A comparison of the absorption of the 

germanium quantum dots with the four different capping molecules to the one of 

tryptophan can be found in appendix 1. The photobleaching trend of these species is 

obtained by the area under the photoluminescence curve of the different species over 

time. The concentration was kept constant for all the samples. The emission was 

recorded every 5 minutes for one hour for each sample. The normalized integrated 

intensity over time is represented in figure 5.4. 



 

149 
 

Chapter 5: Germanium and tin nanoparticles 

 

Figure 5.4: Photobleaching study comparing the decay of the integrated 

photoluminescence of GeQDs with amine, dodecene, diol or epoxy capping compared to 

Tryptophan. 

 

The plots of the photoluminescence intensity over time clearly show a diminution of the 

photoluminescence intensity of tryptophan. The decrease corresponds to a 34% loss of 

photoluminescence after one hour of light exposure, which is the close to the degree of 

photodegradation reported in the literature.25 The photoluminescence of germanium 

quantum dots change less over time. Allylamine capped germanium nanocrystals are the 

ones presenting the largest decrease of intensity with a 9% decrease. GeQDs-dodecene 

suffer from a decrease of fluorescence intensity of 5% and GeQDs terminated with a diol 

group lose about 3% of their PL intensity. GeQDs terminated with an epoxy group show 

a 2% increase of intensity that can be due to a measuring error or a photoactivation of 

surface sites on the surface of germanium quantum dots. These observations confirm 

the better resistance to photodegradation of quantum dots compared to conventional 

organic dyes.26 The slight decrease of PL intensity observed dodecyl-, diol- or amine- 

terminated germanium quantum dots is probably due to the degradation of the surface 

ligand, creating oxygen defects on the surface, and thus quenching the 

photoluminescence.27  

The efficiency of the photoluminescence is defined by the quantum yield (QY). The 

quantum yield is defined as the ratio of the number of photons emitted to the number 

of photons absorbed. The photoluminescence intensity is recorded for five amine and 
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dodecyl terminated germanium quantum dots solutions in water with decreasing 

concentration for an excitation wavelength of 360 nm for amine capping and 340 nm for 

dodecene capping.   

 

Figure 5.5: Quantum yield measurements for amine terminated germanium quantum 

dots. 

 

The quantum yield was measured for our amine terminated germanium quantum dots 

by comparing the relative slope of the integrated PL intensity over the relative 

concentration to the standard tryptophan in water. A quantum yield of 16% is obtained 

for our germanium quantum dots in water. Similar experiment has been conducted on 

alkene terminated germanium quantum dots solution in chloroform and we obtained a 

quantum yield of 11%. The highest quantum yield for blue-green emitting germanium 

nanocrystals of 17% has been reported by the Shiharata group in 2013.28 Previously in 

the Tilley group, Prabakar reported a QY of amine terminated GeQDs of 11% at 400 

nm.29 The difference in QY value between this research and the previous research is 

explained by the fact that GeQDs emit poorlier at 400 than 360, as seen in figure 5.3 a).  

The lower QY value for alkene terminated GeQDs compared to the amine terminated 

ones can be associated to the influence of the surface chemistry or to the use of a 

different solvent from water (amine-GeQDs) to chloroform (alkene-GeQDs). We can 

then conclude that there is a great influence of the surface chemistry of germanium 

nanocrystals and also the solvent environment.30 



 

151 
 

Chapter 5: Germanium and tin nanoparticles 

5.3. Synthesis of tin nanoparticles via chemical reduction  
 

This section describes the synthesis of tin nanoparticles. This research has been carried 

out in an attempt to synthesize nanocrystals of the semiconducting, also called α, phase 

of tin. So far, only metallic β-tin has been successfully synthesized via a solution process. 

Several synthetic methods for β-tin can be found in the literature. Huang et al reported 

the fabrication of β-phased tin nanocrystals in a silicon nitride matrix by using a co-

sputtering technique.31 Li et al prepared tin nanoparticles form bulk via ultrasonic 

dispersion.32 Lai et al reported a thermal evaporation process and Zou et al synthesized 

β-tin nanocrystals by chemical reduction using sodium borohydride.33,34 To this day, the 

α-phase of tin has been achieve only by physical deposition methods. Wang et al 

reported the cubic phase of tin confined in a nanotube of tin oxide synthesized using 

molecular beam epitaxy.35 They observed an increase of the maximum stability 

temperature of the diamond cubic phased tin from 13.2°C in the bulk form to up to 

700°C. The stabilization of α-tin has also been reported by Asom et al in the thin film 

form, deposited onto InSb substrates by molecular beam epitaxy.36 The diamond cubic 

α-tin nanoparticles are expected to present great semiconducting abilities. As the bulk 

α-tin present a 0.08 eV, an infrared photoluminescence emission would be expected. 

For smaller nanoparticles, if the nanoparticles enter the quantum confinement regime, 

it would be expected an increase in the bandgap and consequently a blue shift of the PL 

emission, making α-tin quantum dots ideal candidates for solar cells applications. 

Unlike silicon or germanium, tin nanoparticles do not require a surface treatment. A thin 

SnO2 oxide shell is spontaneously formed by exposure to air. 
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5.3.1. At room temperature  

First will be investigated the formation of the tin nanoparticles via the microemulsion 

process developed by the Tilley group for silicon and germanium quantum dots. The 

reaction takes place at room temperature, but the confinement in a nanoparticle size 

could extend the stability of the diamond cubic structure of semiconducting tin at 

temperatures higher than 13.2°C. 

Experimental 

0.3 g of C12E5 was placed in a Shlenk tube. The reaction vessel was freed of oxygen by 

being put under vacuum for 2 minutes followed by being purged with nitrogen for 2 

minutes. The process is repeated three times. Then, 30 mL of anhydrous toluene is 

injected into the tube through a septum seal. After 10 minutes of active stirring to allow 

the surfactant to form reverse micelles, 1.5 mL of SnCl4 solution in dichloromethane was 

added to the mixture and stirred for 1h. Lithium borohydride (2.5 mL) was then injected 

into the solution. The colour of the solution turns from slightly pink to grey. After 1h, the 

reaction was stopped and the nanoparticles obtained were separated from solution by 

centrifugation and washed by a mixture methanol/toluene.    

Characterization 

The crystalline structure of the synthesized nanoparticles was assessed using X-ray 

diffraction. The spectrum obtained is presented in figure 5.6. It presents well defined 

peaks that can be assigned to the tetragonal structure of the β-tin. Only the metallic 

phase of tin is present on the sample. 
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Figure 5.6: XRD pattern of tin nanoparticles obtained by chemical reduction at room 

temperature 

The size and shape of the metallic tin nanoparticles is assessed with transmission 

electron microscopy. Figure 5.7 shows the TEM and HRTEM images, along with the size 

distribution diagram and the SAED pattern. 

 

 

Figure 5.7: a) TEM image of tin nanocrystals obtained by chemical reduction at room 

temperature with an inset of a HRTEM image of one nanocrystal, b) the corresponding 

size distribution and c) the SAED diffraction pattern 
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The TEM image presented in figure 5.7 shows that the tin nanoparticles are spherical in 

shape. The crystals appear to be also regular in size. The average size distribution is 4.3 ± 

2.4 nm. The inset in figure 5.7.a depicts a high resolution TEM image of one nanocrystal. 

The lattice fringes observed attest of the monocrystalline nature of the nanoparticles. 

The distance between fringes of 0.32 nm corresponds to the (200) plane orientation of 

β-tin structure. SAED rings can be matched to the tetragonal phase of metallic tin. 

Metallic tin has several potential applications as a low melting temperature metal with 

electron conductive properties.37,38 To exploit this conduction, tin nanoparticles need to 

be coatable on a surface. I therefore investigated the capacity of β-tin nanoparticles to 

form regular thin films using SEM imaging. To prepare the specimen, the nanocrystals 

solution in ethanol was drop casted onto the silicon wafer placed on a hot plate heated 

at 60°C. The nanocrystals appear to be regular in size and are distributed evenly across 

the surface of the silicon wafer. Figure 5.8 represents the SEM image of the tin 

nanocrystals deposited onto a silicon wafer.  

 

Figure 5.8: SEM image of tin nanocrystals deposited onto a silicon wafer. 

 

The β-tin nanocrystals cover the majority of the surface of the silicon wafer. The 

nanoparticle film thickness does not appear regular over the entire surface of the wafer, 

most likely due to the method of deposition. For a more regular thickness, spin casting 



 

155 
 

Chapter 5: Germanium and tin nanoparticles 

will be a more reliable method. Tin nanoparticles can easily be coated over a surface and 

have possible applications as low melting temperature soldering materials.37   

 

5.3.2. Reverse micelle synthesis in an ice-bath 

The α-phase of tin is stable below 13°C. The motivation for this work was to decrease 

the temperature of the nanoparticle synthesis. The reaction mixture was cooled to 0°C 

using an ice bath. With the synthesis taking place at a temperature below the transition 

temperature between α and β-phases of tin, it is expected to form pure α-tin 

nanocrystals. 

Experimental 

The same experimental procedure as the one described in the paragraph 2.2.2 was 

performed in this experiment, but in this case the reaction Schlenk tube was placed in 

an ice bath. 

Characterization 

The crystal structure of the nanoparticles formed by chemical reduction of tin precursor 

in a solvent media cooled to 0°C is determined by X-ray diffraction. The XRD pattern is 

presented in figure 5.9.  

 

Figure 5.9: XRD pattern obtained from the tin nanoparticles synthesized by chemical 

reduction at 0°C 
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The XRD spectrum presents well defined peaks correspong to only the β-tin crystal 

structure. Reducing the reaction temperature did not produce the α-phase of tin. A 

possible explanation is that the chemical reduction with lithium borohydride is an 

exothermic reaction and the local temperature around the newly formed tin monomers 

might have been higher than the 13.2°C α-β transition temperature.  

The size and shape of the metallic tin nanoparticles is assessed with transmission 

electron microscopy. Figure 5.10 shows the TEM and HRTEM images, along with the size 

distribution diagram and the SAED pattern. 

 

 

Figure 5.10: a) TEM image of tin nanoparticles synthesized at 0°C with b) the 

corresponding size distribution diagram and c) the SAED rings 

 

The nanoparticles are presenting spherical shaped particles and more faceted shapes 

than the tin nanoparticles synthesized at room temperature. Also the average size is 

62.4 ± 78.3 nm, which is much larger than the particles produced using the method in 

section 5.2.1. This size increase can be explained by a slower chemical reduction process 

due to the lower temperature. As the reduction took longer, the nucleation process was 

extended, allowing particles to grow more slowly, hence producing a larger size 

distribution. 



 

157 
 

Chapter 5: Germanium and tin nanoparticles 

The ability of those tin nanocrystals to form a regular film over a flat surface was 

investigated using scanning electron microscopy. A nanocrystals solution in ethanol was 

drop casted onto a silicon wafer heated up to 60°C on a hot plate. The SEM image of the 

coated silicon wafer is shown in figure 5.11. The surface of the wafer was fully covered 

by nanocrystals. 

 

Figure 5.11: SEM image of tin nanocrystals synthesized at 0°C deposited onto a silicon 

wafer. 

 

The metallic tin nanoparticles form a relatively smooth film over the surface of the 

silicon wafer. Such is required for applications such as soldering or for use as a 

conductive ink.37,38 The ease of processing makes tin nanoparticles a suitable candidate 

for large scale device fabrication such as roll-to-roll processing. 

 

5.4. Alloying tin with germanium 
 

A possible way to stabilize the α-tin structure at temperatures higher than 13.2°C, the α-

β transition temperature at ambient pressure, would be to alloy tin with another 

element with a diamond-type cubic structure.10 Silicon and Germanium spontaneously 
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crystallise in the diamond cubic form and some examples of successful alloy with tin 

have been reported in the literature. Tin-germanium alloy is expected to have 

semiconducting properties.39 The Sn-Ge solid solution presents a low solubility of 

germanium into tin. King et al stated a maximum concentration of 1% of germanium 

into tin.40 This low solubility is probably due to the large lattice difference between the 

two elements, which are 5.646 Å for Ge and 6.489 for α-tin and to the fact that at 

ambient conditions of temperature and pressure, the cubic-phase of tin is unstable. 

Interestingly, the nature of the band gap changes with the concentration of tin in the 

solid solution Ge1-xSnx. At very low concentrations (x < 0.25), the band gap transition is 

indirect, as the band gap of bulk germanium, but with increasing tin concentration, the 

band gap becomes direct.39 Tin-rich alloys are far less common that germanium rich tin-

germanium alloys. Pukite et al reported a single phase SnxGe1-x grown by molecular 

beam epitaxy, with x up to a value of 0.3.41 They observed that above this concentration 

of 30% of tin, the film causes phase separation into the tetragonal β-tin phase. 

Kouvetakis et al. developed the growth of Ge1-xSnx alloy, with 5% < x < 25%, by chemical 

vapour deposition.10 They stated a high thermal stability of the cubic structure up to 

600°C. The diffusion of germanium in tin has also been used for the growth of 

germanium nanowires, using tin nanoparticles as seeds. It appears that no solution 

phase synthesis of Sn-Ge alloy with a diamond cubic structure has been reported in the 

literature. 
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Figure 5.12: Phase diagram for the Ge-Sn(β) system, reproduced from Olesinki et al.42 

The phase diagram reported by Olesinki et al shows a less than 1% solubility of Ge into 

β-tin. There is no phase diagram of Ge-Sn(α) reported in the literature. It is anticipated 

that the introduction of germanium as a dopant element in the tin structure to stabilize 

tin into the diamond cubic structure corresponding to the semiconducting phase of tin 

due to the similar crystal structure of germanium. Several levels of germanium doping 

have been investigated.  

5.4.1. Alloying tin and germanium using chemical reduction 

Experimental 

For all five samples, a Schlenk tube containing 0.3 g of C12E5 was placed under nitrogen 

atmosphere. 30 mL of toluene was injected in the tube through a Septum seal. After 10 

minutes of active stirring, 1.56 mL of SnCl4 and 1.8 μL of GeCl4 were injected 

simultaneously into the solution. The mixture was stirred vigorously for 1h.  2.5 mL of 

LiBH4 solution were then injected into the tube. The solution turned grey. The particles 

were separated from solution using centrifugation and were then purified by washing 

using toluene/methanol mixture. 



 

160 
 

Chapter 5: Germanium and tin nanoparticles 

Characterization 

The crystal structure of the tin-germanium alloy nanoparticles formed by chemical 

reduction is determined by XRD. The patterns for 1%, 2%, 5%, 10% and 50% of 

germanium in the alloy are presented in figure 5.13 and represent the attempted 

Sn0.99Ge0.01, Sn0.98Ge0.02,Sn0.95Ge0.05, Sn0.9Ge0.1 and Sn0.5Ge0.5 alloys.  

 

Figure 5.13: XRD pattern for nanoparticles obtained for 1%, 2%, 5%, 10% and 50% of 

germanium in the alloy. Reflections corresponding to β-tin (JCPDS 18-1380) are marked 

in black, germanium reflections are represented in red (JCPDS 77-6203) and α-tin 

reflection is represented in blue (JCPDS 13-6167). 

Samples synthesized with 1, 2 and 5% present a pure β-tin tetragonal structure. Using 

10% of germanium, the nanoparticles formed were amorphous and no diffraction peaks 

were observed. When trying to alloy 50% Sn with 50 % Ge, the XRD pattern is dominated 

by the germanium crystal structure. The main peak at 2Θ = 33° can also be associated to 

the main reflection of α-Sn and to the (101) orientation of β-Sn. It cannot be concluded 

to the successful synthesis of the α-Sn semiconducting phase. 

The size and shape of the nanoparticles is assessed with transmission electron 

microscopy. Figure 5.14 shows the TEM images obtained for the four crystalline 

nanoparticles obtained: 1%, 2%, 5% and 50%. 



 

161 
 

Chapter 5: Germanium and tin nanoparticles 

 

Figure 5.14: TEM images for SnGe alloys nanoparticles with a) 1% Ge, b) 2% Ge, c) 5% Ge 

and d) 50% Ge 

Alloys with 1% and 5% of germanium into tin formed nanoparticles with an average size 

below 10 nm. Alloys with 2% germanium present two types of particles, some below 10 

nm in diameter and some bigger particles (15-25 nm) that appear to be agglomerated. 

Figure 5.14.d show particles obtained for the 50-50 ratio of precursors. Even if the 

sample still present surfactant impurities, particles exhibit an average size below 10 nm. 

 

5.4.2. Alloying tin with germanium using temperature decomposition 

As the chemical reduction method was not successful in producing SnGe alloys with a 

diamond cubic structure, attention was focused on high temperature decomposition 

methods. 

Experimental 

In a three necked flask under nitrogen atmosphere, 0.33 mL of 1M SnCl4 in 

dichloromethane is added to 10 mL of trioctylamine. In a separate flask, 4 μL of GeCl4  is 
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mixed with 2 mL of oleylamine. The three-necked flask is heated at 230°C, then the 

germanium solution is swiftly injected and the mixture is heated to 300°C for 4 hours. 

The mixture was left to cool naturally to room temperature. The particles were 

separated by centrifugation then washed with a mixture methanol/toluene. 

Characterization 

The crystal structure of the tin-germanium alloy nanoparticles formed by chemical 

reduction is determined by XRD. The patterns for 5% and 10% of germanium in the alloy 

are presented in figure 5.15.  

 

Figure 5.15: XRD spectrum for nanoparticles obtained after high temperature 

decomposition with a) 5% Ge and b) 10% Ge 

 

The XRD spectrum of the nanocrystals obtained for the proportions Sn0.95Ge0.05 present 

two phases: the β-tin tetragonal structure and tin oxide. In previous experiments, the tin 

nanoparticles presented a thin shell of tin oxide, which structure was not appearing on 

XRD spectrum due to its small amount compared to the β-tin structure. The relative 

peak intensity of tin oxide compared to the β-tin structure lead to the conclusion that 

the particles are significantly oxidized. For Sn0.9Ge0.1 the large background noise suggest 

a large amount of amorphous material. As it can be seen on figure 5.15.b, the peak at 

27° corresponds to the germanium structure and the two peaks at Θ = 33 and 35° 

correspond to the (200) and (101) orientations of β-tin crystalline form. 

 



 

163 
 

Chapter 5: Germanium and tin nanoparticles 

The size and shape of the nanoparticles is assessed with transmission electron 

microscopy. Figure 5.16 shows the TEM and HRTEM images obtained for the two alloy 

nanoparticles: Sn0.95Ge0.05 and Sn0.9Ge0.1. 

 

 

Figure 5.16: TEM images of tin/germanium alloy nanoparticles with a) 5% Ge and b) 10% 

Ge 

 

Particles synthesized via the temperature decomposition method are of much bigger 

size than SnGe alloy particles synthesized via chemical reduction. Sn0.95Ge0.05 particles 

measure 60 nm on average and as it can be seen in the inset of figure 5.16.a, a 4 nm 

thick oxide shell is observed on the particles. 

A pure SnGe alloy phase was not achieved by synthesis in solution via high temperature 

decomposition of tin and germanium precursors. The particles obtained with this 

method have a much larger average size than the nanocrystals obtained by chemical 

reduction in reverse micelles. 
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5.5. Discussion 
 

Germanium nanocrystals with a narrow size distribution can be synthesized via the 

microemulsion synthetic process. The GeQDs capped with four different ligands present 

no structural difference, but present very different optical properties. The emission 

spectra are representative of a multi electronic transition process, but the emission 

range remains constant for all GeQDs with different capping molecules. This observation 

indicates the emission is from surface “trap” states rather than from the most 

commonly reported quantum confinement induced direct band gap theory.43 

Metallic β-tin can be synthesized by chemical reduction of tin tetrachloride. The 

temperature of the solvent does not influence the crystal structure, but plays an 

important role in the average size of the nanocrystals. Cooling the reaction temperature 

to 0°C extends the nucleation time by slowing down the chemical reduction, thus 

forming larger β-tin nanoparticles than the homologue synthesis at room temperature. 

Attempts to alloy tin and germanium did not lead to the stabilization of the diamond 

cubic structure of α-tin. Via chemical reduction, alloys with 1, 2 or 5 % of germanium 

present only the β-tin tetragonal structure. Starting with 50% germanium, the 

nanoparticles presents a mixture of tin and germanium structures, but there is no 

evidence that α-tin structure has been achieved. 
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6. Silicon quantum dots: towards 
their use in solar cells 

 

The optical properties of silicon quantum dots give rise to possible applications 

for optoelectronic devices, such as solar cells. Quantum dot-sensitized solar cells have 

developed a great interest due to the advantages of quantum dots compared to organic 

dyes, such as an increased fluorescence intensity and a greater resistance to 

photobleaching.1-3 Progress with quantum dots devices so far has involved mostly group 

II-VI or group IV-VI materials. The first quantum dots sensitized solar cell (QD-SSC) was 

reported by Nozik in 2002, using InP quantum dots associated to TiO2 nanoparticles.4 

Kamat reported a similar structure with CdSe QDs in 2006.5 The highest efficiency for 

CdS/CdSe QD-SSC reaches 4.8%.6 Quantum dots photovoltaics offer a lot of prospects 

towards cheap and easily processable solar cells,3 but the toxicity of cadmium and the 

diminishing resources of indium encourages research towards other material quantum 

dots.7 

Due to its abundance and low toxicity, silicon quantum dots offer a significant 

alternative. In this research, it was first attempted to create a composite of silicon 

quantum dots with zinc oxide nanowires. This research was instigated by previous work 

with dye-sensitized solar cells using ZnO nanowires8-10 and quantum dots-sensitized 

solar cells (usually lead or cadmium-based quantum dots) anchored to titanium dioxide 

or zinc oxide films.4,11-12 The effect of silicon quantum dots will be measured by 

comparing the optical absorption and emission of the composite in comparison that of 

bare ZnO nanowires. This research was conducted with the help of my co-supervisor Dr. 

Natalie Plank. The Watkins’ group reported the use of silicon quantum dots to force the 

separation of block copolymers in multiple morphologies.13 The optical properties of the 

silicon quantum dots immersed in a block co polymer matrix were investigated. Last, the 

function of silicon quantum dots laid onto a silicon solar cell was investigated. This 

research was conducted in partnership with Prof. Maan Alkaisi (University of 
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Canterbury, NZ). The role of silicon nanocrystals was appraised by measuring the current 

density-voltage evolution compared to a plain solar cell. 

In this chapter will be first described the growth of zinc oxide nanowires and the 

attachment of silicon quantum dots to the nanowires array. The ZnO nanowires were 

characterized using SEM and TEM. The optical properties of the composite silicon 

QDs/ZnO nanowires were assessed using UV-Visible and photoluminescence 

spectroscopies. The silicon quantum dots blended in block copolymers were also 

characterized using UV-Visible and photoluminescence spectroscopies. Finally the role 

of silicon nanocrystals on the electrical properties of a doped silicon solar cell will be 

characterized by measuring the voltage generated by the cell upon variation of the 

current density. 

 

6.2. Introduction to solar cells 

A basic solar cell is typically composed of one photoactive layer, an anode and cathode. 

Electrons in the photoactive layer are excited by the energy of the absorbed photons. 

Through a careful engineering of the energy bands of the electrode material, the excited 

electrons will transfer to the anode instead of relaxing to their ground state, thus 

creating an electron flow, and consequently an electric current. Two main types of solar 

cell architecture will be discussed in this chapter. The silicon solar is composed of silicon 

doped with negative charge carriers (n-type) or positive charge carriers (p-type). The 

electrons are generated in the p-type layer (fig. 6.1.a) and flow through the n-type 

silicon. In the dye-sensitized or quantum dots-sensitized solar cell, the electron acceptor 

is placed between the incoming light and the photoactive layer, either dye or quantum 

dots (fig. 6.1.b). In that case, the electrode is composed of a transparent conductive 

oxide layer, such as zinc oxide. 
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 Figure 6.1: Schematics of a) a silicon solar cell and b) dye-sensitized or quantum dots-

sensitized solar cell 

Starting from these basic structures, the efficiency of a solar cell can be increased 

following two different approaches. The first approach is the multi-junction (M-J) solar 

cell, in which multiple single junction cells are assembled. The layers are stacked on top 

of each other to facilitate the electron transfer between the different layers, through a 

bandgap cascade. The losses are limited due to the decrease of electron-hole 

recombination processes, thus increasing the efficiency. Also, multi-junction solar cells 

benefit from a discrepancy in absorbed wavelength to enlarge the domain of absorbed 

wavelength from the solar spectrum. Multiple junction solar cells have the highest 

theoretical efficiency14 and the highest recorded efficiency conversion (44.4%) has been 

obtained from an M-J cell by Sharp Corporation in 2013 under concentrated solar 

illumination.15 Most reported materials for M-J cells are III-V semiconductors, such as 

InP or GaAs.16-18 

The efficiency of a dye-sensitized or quantum dot-sensitized solar cell can be enhanced 

by the architecture of the junction between the photoactive layer (donor) and the 

anode (acceptor).19,20 For an effective electron transfer, the distance between the newly 

excited electron and the anode material should not exceed the exciton diffusion length 

(typically between 5 and 20 nm), otherwise it will recombine. Figure 6.2 represents four 

different interface morphologies that can be used in a solar cell, adapted from organic 

photovoltaic device architectures. 
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Figure 6.2: Different designs of surface interaction morphologies in solar cells: a) 

blended, b) planar heterojunction, c) nanowires and d) typical morphology in organic 

solar cells (adapted from Sariciftci’s article)20 

In a fine dispersion or blended morphology (fig. 6.2.a) the distance between electron 

donor and acceptor is ideal, but the charge transport is poor. The bilayer morphology in 

figure 4.2.b) has the opposite characteristics: the charge transport is favourable, but 

charge generation would be limited to the interface.  Ideal performance has been 

simulated and achieved through the nanowire architecture (fig. 6.2.c)21-23
, owing to an 

increased area and continuous donor-acceptor interface and an efficient charge 

separation if the distance between wires does not exceed twice the diffusion length of 

an exciton.24 Figure 6.2.d) represents the typical morphology encountered in bulk 

heterojunction solar cells or organic cells. 

The effectiveness of a solar cell can be described by several characteristic parameters. 

Most of those can be extracted from current-voltage plots, which feature the decreasing 

current density with increasing voltage obtained by a variation of the resistance. 
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Figure 6.3: Typical J-V characteristic curve of a solar cell 

The fill factor (FF) is one common parameter used to characterise solar cells. It is defined 

as the ratio of the maximum efficiency of the cell divided by the theoretical maximum 

power, obtained by multiplying the short circuit current density Jsc (or J at V=0) and the 

open circuit voltage Voc (or V at J=0). 

 

The maximum efficiency or power conversion efficiency ƞ is defined as the ratio of the 

maximum power output of the solar cell to the power of the incoming light (Ps).  

  

Jsc, Voc, FF and ƞ are the quantities the most frequently used to characterize solar cells, 

generally under the standard conditions of a temperature of 25°C and a light input 

power of 1 sun or 1000 W/m2. 

One other characteristic plot for efficiency is found in the literature: the Incident Photon 

Conversion Efficiency (IPCE) plot. It represents the wavelength dependence of the 

quantum efficiency, which is the ratio between the number of charge carriers collected 

by the solar cell and the number of incident photons. 
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6.3. Silicon quantum dots solar cells: an overview 

Today’s photovoltaic market is largely dominated by silicon solar cells, but yet silicon 

quantum dots are not commonly found in solar cells. The localization of electrons in 

silicon quantum dots offers promising prospects for third generation of solar cells.25  

Silicon quantum dots are first used in hot carriers solar cells, in which silicon quantum 

dots are used to reduce the energy losses through thermalization of photons with an 

energy much greater than the bandgap of the active photovoltaic material. Nozik and 

co-workers suggested the possibility that high energy photons can be split into two or 

more lower energy photons.26 This theory is called multiple exciton generation. 

Gregorkiewicz and co-workers later demonstrated the photon cutting effect.27 A single 

photon produces two electron-holes pairs that recombine to produce a single highly 

energetic exciton. This principle has great potential to improve the solar cell efficiency 

while reducing the losses through heat. It has been reported for direct bandgap 

materials, such as PbSe.28 Recently, Uchida et al reported the photocurrent generation 

in silicon QDSSC for quantum dots deposited via plasma assisted chemical vapour 

deposition.29 

Silicon quantum dots can also be used to enhance the performances of all silicon 

tandem-multi junction solar cells. Bands of silicon quantum dots in a silicon dielectric 

matrix (SiO2 or Si3N4) are formed by annealing silicon rich co-sputtered layers.30 These 

bands create wide bandgap p-n junctions that generate an increased efficiency .31 

Last, silicon quantum dots have developed some interest for Inorganic-organic solar 

cells. Kortshagen reported a hybrid solar cell using SiQDs and P3HT showing an increase 

of both open-circuit voltage and short-circuit current and a maximum efficiency of 

1.15%.32 

Previous work by Kim et al reports that using silicon quantum dots as an intermediate 

layer between a film of TiO2 nanoparticles and N719, a commercial dye for DSSCs, can 

increase the efficiency of the cell from 5.2% to 6.2%.33 
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6.4. Silicon quantum dots anchored to zinc oxide nanowires 

Silicon quantum dots are expected to be light harvesters or “hot carriers” absorbers due 

to its large bandgap when quantum confined, and thus electron donors, when included 

in a photovoltaic device. The nanowire architecture increases the surface area between 

the electron donor (dye or QDs) and acceptor (ZnO or TiO2) and limits the charge 

recombination process.34,35 In this research, it is proposed to use zinc oxide nanowires to 

anchor functionalized silicon quantum dots, and to monitor the influence of the 

quantum dots on the optical properties of the composite. 

 

6.4.1. ZnO nanowires growth and characterization 

ZnO is a non-toxic n-type semiconductor that has favourable energy bands for forming 

heterojunction solar cells with a large 3.2 eV band gap. It can be synthesized via a 

hydrothermal process, suitable for flexible substrates.36,37 We chose that synthetic 

protocol as it does not require elevated temperature and therefore it is suitable for 

most substrates. This method was also chosen by reason of the expertise of Dr. Natalie 

Plank, by whom I was guided closely on this project. 

Experimental 

To initialize the growth of the nanowires, a seed layer is needed. A seed solution of zinc 

acetate 0.005 M in water can be drop casted or spin coated onto a substrate. For a more 

uniform seed layer, a thin film of ZnO is sputtered on the substrate using a RF-sputter 

coater with a ZnO target. The substrate coated by the seed layer is then placed in an 

aqueous solution containing 0.02 M of hexamethylenetetramine (HMT) and 0.02 M 

hydrated zinc nitrate.  The solution is kept at around 90°C for a few hours. After growth, 

the nanowires are simply rinsed in deionised water and dried on a hot plate heated at 

100°C. 

X-ray diffraction is used to determine the crystal structure of the nanowires, which can 

then be compared to a standard powder diffraction pattern for zinc oxide. By observing 

the extinction of some crystallographic planes reflections, we can identify the 

orientation of the ZnO nanowires. The XRD analysis of the ZnO nanowires grown on a 

silicon wafer is presented in figure 6.4.  
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Figure 6.4: XRD spectrum for ZnO nanowires grown onto a commercially available silicon 

wafer. 

The spectrum presented in figure 6.4 presents only two peaks. By comparison with the 

reflections to the ones reported in the standard powder diffraction for zinc oxide 

materials (JCPDS card 36-1451). The first reflection corresponds to the (002) orientation 

of zinc oxide. The second peak is attributed to the (400) orientation of the silicon wafer. 

As the zinc oxide peaks correspond to the reflections (100), (101), (102), (110) and (103) 

expected in the range 30-65° are not present for our sample, it can be deduced that the 

zinc oxide is oriented along the c-axis only, which is consistent with a nanowire 

arrangement grown perpendicular to the surface of the substrate. 

 

Figure 6.5 shows two SEM images obtained for the zinc oxide nanowires grown onto a 

silicon wafer. The top view shows the tips of the zinc oxide nanowires and the cross 

section image manifests the c-axis orientated growth. From the cross-section image, we 

measure that a three hours hydrothermal growth produces nanowires averaging 600 nm 

in length. 
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Figure 6.5: SEM images of ZnO nanowires grown onto a piece of silicon wafer. a) top 

view of the nanowires and b) their view in cross section. 

To prepare the sample for TEM, the nanowires were shaved off the silicon wafer using a 

razor blade and dispersed in ethanol. The solution was then drop cast onto a carbon 

coated copper grid. The low resolution TEM image presented in figure 6.6.a) displays the 

elongated shape of the nanowires. The high resolution TEM image (figure 6.6.b) 

represents one set of lattice fringes orientated along the c-axis, proving that the 

nanowires are monocrystalline and single oriented.  

 

Figure 6.6: TEM images of zinc oxide nanowires. a) is a low resolution TEM image and b) 

a high resolution TEM image showing the lattice fringes of a single nanowire. 

The growth of zinc oxide nanowires was successful by following the method reported by 

Plank et al.37 However, the even production of nanowires over the whole surface of the 

substrate has revealed itself to be challenging. The most homogeneous samples were 
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used to attach silicon quantum dots to the ZnO nanowires, described in the following 

section. 

 

6.4.2. Silicon quantum dots and zinc oxide nanowires composite 

To attach the silicon quantum dots to the surface of zinc oxide nanowires, the substrate 

with the nanowire array grown onto it was immersed into a silicon nanocrystals solution 

(cf. figure 6.7). This soaking method was chosen for its practicality as it does not require 

expensive equipment and its proven efficacy in scientific literature. Similar methods 

have been reported efficient in the literature for CdSe or InP with TiO2.38-40 Allylamine 

terminated silicon quantum dots were chosen for this study as they are soluble in polar 

solvents, thus easily dispersible in water. 

 

Figure 6.7: Schematic of the process in order to create a uniform composite ZnO 

nanowires / silicon quantum dots  

To observe and measure the optical properties, zinc oxide nanowires are grown onto 

Spectrosil substrates. Those substrates are made of fused quartz and present an 

excellent transmission throughout the range from far UV to visible wavelength. The 

coating of zinc oxide nanowires with silicon quantum dots is expected to show a 

variation of absorption in the UV range. Figure 6.8 is the absorption spectra of the neat 

ZnO nanowires and the same ZnO nanowires array soaked for 6 hours in a silicon 

quantum dots solution. The dotted line graph is the absorption of the allylamine-

terminated silicon nanocrystals in solution.  
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Figure 6.8: UV-Visible spectra of neat ZnO nanowires and ZnO nanowires soaked in a 

silicon quantum dots solution for 6 hours. The dotted line represents the absorption 

spectrum of the silicon quantum dots capped with allylamine in solution. 

 

The nanowires array soaked in silicon quantum dots solution shows a slight increase of 

absorbance over the region between 200 and 270 nm compared to the bare nanowires. 

As the silicon quantum dots in solution absorb the same range of wavelength, we can 

conclude to the increase is due to the attachment of silicon quantum dots to the surface 

of ZnO nanowires. 

The fluorescence of zinc oxide nanowires is expected to be located at longer wavelength 

than the fluorescence of silicon quantum dots, as the band gap is higher for silicon 

nanocrystals than zinc oxide (3.4 to 3.8 vs. 3.2 eV).41,42 It is anticipated that there will be 

a variation of the fluorescence intensity with increasing silicon quantum dots 

concentration, achieved through a longer soaking time. The photoluminescence of the 

ZnO nanowires before and after soaking in the silicon quantum dots solution is 

represented in figure 6.9. All spectra were recorded at the excitation wavelength λexc = 

320 nm. 
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Figure 6.9: Normalized photoluminescence intensity after soaking of the ZnO nanowires 

in a silicon quantum dots solution. 

 

The sharp peak at λem = 383 nm is assigned to the ZnO nanowires, as the band gap of 3.2 

eV correspond to an emission of 387 nm. This peak is normalized to 1 for all the samples 

to visualize the evolution of the fluorescence peak of silicon nanocrystals at λem = 368 

nm. The variation in intensity of the silicon quantum dots fluorescence shows an 

increasing concentration of silicon quantum dots up to 6 hours of the soaking time. It 

correspond to an increase of about 60% of the PL intensity at 368 nm compared to the 

neat ZnO nanowires. This intensity reduces after 12 hours in a bath of silicon 

nanoparticles, and corresponds only to a 20 % increase of the emission at 368 nm. The 

variation of intensity of the PL intensity upon soaking time shows the increasing 

concentration of silicon quantum dots, indicating a successful anchorage of silicon 

nanocrystals to the surface of the ZnO nanowires. The decrease of intensity after 12 

hours can be explained by a partial dissolution of the zinc oxide nanowires in the 

quantum dots solution, which is slightly acidic. The pH of the solution was estimated 

around 6 with pH paper. 

The even growth of zinc oxide nanowires reveals itself to be challenging. The soaking 

method for the attachment of silicon quantum dots is successful up to 6 hours, but can 

be difficult to reproduce as a variation of concentration of the soaking solution can 

result in a decrease in pH. In addition, ZnO is an amphoteric oxide: it is nearly insoluble 
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in water, but can be degraded by both acidic and basic solutions.43,44 This deterioration 

phenomenon has also been observed for dye sensitized solar cells using ZnO and the 

commercially available dye N719 with prolonged adsorption times.45 A careful design of 

the surface chemistry of both the ZnO NWs and the silicon quantum dots could decrease 

the degradation problem and increase the attachment of the silicon quantum dots 

through hydrogen bonding.25 

 

6.5. Silicon quantum dots in block co-polymers 

Organic or bulk heterojunction (BHJ) solar cells have attracted a lot of interest as cost 

effective photovoltaics.46 The efficiency of organic cells remains generally lower than 

inorganic cells. BHJ solar cells are usually composed of a donor-type semiconducting 

polymer (e.g. P3HT) and an electron acceptor-type polymer or molecule such as 

fullerenes.47 The highest recorded efficiency of 12% for an organic photovoltaic device 

(OPV) was achieved by the company Heliatek in Germany.48 To improve the efficiency, 

the hybrid organic-inorganic system has developed an increased interest. 49,50 

Block copolymers (BCP) are a good alternative to structured inorganic solar cells 

combining the ease of processing of the polymers to a microphase separation.51 As 

described earlier, 3D arrangement increases the charge separation and transport. 

Verduzco et al reported a BCP photovoltaic with near 3% efficiency.52 Block copolymers 

are a combination of two amphiphillic polymers. The affinity to different environments 

cause the two polymers to separate and self-organize at the interface, when heated 

above their glass transition temperature.53 This section investigates the optical 

properties of the silicon quantum dots when blended in a block co-polymer. This 

research was conducted with the collaboration of the Watkins’ group at Massachussets 

University in Amherst, USA. One of their research projects focuses on block copolymers 

and their different geometries. They used silicon quantum dots to enhance the 

separation of the two polymers.13 The copolymer chosen for this study was polystyrene-

polyethylene oxide (PS-PEO), previously studied by the Watkins group and it has the 

ability to easily form solid films on the surface of a substrate. The optical absorption and 



 

184 
 

Chapter 6: Silicon quantum dots: towards their use in solar cells 

emission of the composite was measured for samples prepared using 10% and 15% in 

mass of silicon quantum dots and compared to the neat block copolymer. 

Experimental 

The neat PS-PEO sample was prepared by mixing 50 mg of the copolymer into 2mL of 

toluene followed by 2 hours of magnetic stirring. The solution was then drop-casted 

onto a clean Spectrosil substrate heated at 50°C on a hot plate. The thin film was then 

baked at 100°C for one hour.  

An allylamine-terminated silicon quantum dots solution was prepared using 8.2 mg of 

silicon nanocrystals in 2 mL of tetrahydrofuran (THF). After homogenization for 5 

minutes using an ultrasonic bath, 0.8 mL of that solution were added to 25 mg of PS-PEO 

to form a 10% quantum dots mixture. 0.7 mL of THF were added to the solution and 

stirred for two hours. The 15% solution was prepared similarly using 1.2 mL of the silicon 

QDs solution mixed to 25 mg of PS-PEO and 0.3 mL of THF added. The solution was then 

stirred for two hours using magnetic stirring. The thin films were obtained by drop 

casting the solution onto Spectrosil substrate heated at 50°C, followed by a baking at 

100°C for 2 hours. 

The experimental conditions are expected to lead to a cylindrical geometry, polystyrene 

forming cylinders surrounded by polyethylene oxide.13 A schematic of the architecture 

of the SiQDs-(PS-PEO) composite is presented in figure 6.10. The amine-terminated 

silicon quantum dots are hydrophilic, thus are expected to be located in the PEO phase 

of the block copolymer.  

 

Figure 6.10: Schematic of the PS-PEO block copolymer geometry while blended with 

hydrophilic nanoparticles under the experimental conditions reported beforehand.13 
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Characterization and discussion 

Visually, PS-PEO forms transparent or slightly white films. No difference is 

distinguishable to the naked eye between the films containing or not containing silicon 

quantum dots. But as it can be seen in figure 6.11, under UV light, the thin film 

containing silicon quantum dots exhibit a strong blue luminescence while the neat PS-

PEO thin film remains transparent.   

 

Figure 6.11: Neat PS-PEO thin layer deposited on optically inactive Spectrosil glass under 

ambient light (a) and UV-light (c). (b) is a picture of a thin layer of PS-PEO blended with 

15% of silicon quantum dots under ambient light and (d) under UV light.  

 

The effect of the silicon quantum dots addition on the absorption of the polystyrene-

polyethylene oxide copolymer was fisrt measured. The increasing concentration of 

silicon quantum dots is expected to produce an increasing absorption response.   

 

Figure 6.12: Absorbance spectra for neat PS-PEO and PS-PEO blended with 10 and 15 % 

of silicon quantum dots deposited on Spectrosil substrates. 
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The distinction between the absorption of the neat PS-PEO and the ones from the 

SiQDs-PS-PEO composite is not evident as both the copolymer and the silicon 

nanocrystals absorb in the same wavelength region (200 – 270 nm). Moreover, both 

share the same peak features, with a primary peak around 210 nm and a secondary 

peak at 265 nm, as it can be seen in figure 6.12. An increase in the absorbance is noticed 

with increasing concentration of silicon quantum dots, but the origin of this increase 

cannot be concluded to be due to the increasing concentration of silicon quantum dots 

as the thickness of the thin film may vary slightly between the samples. Drop casting is 

not a reproducible process for producing films with a regular thickness. The evidence of 

the increased absorption due to silicon quantum dots rely on the absorption edge for 

wavelength up to 500 nm, observed for the two films containing silicon quantum dots, 

also observed for silicon quantum dots in solution (ref figure 3.12). 

To confirm that the observed blue luminescence comes upon the addition of silicon 

quantum dots to the PS-PEO copolymer, a photoluminescence study of the neat PS-PEO, 

the 10 and 15% of silicon nanocrystals containing films is compared to the 

photoluminescence of silicon quantum dots in solution (figure 6.13). Excitation 

wavelengths were chosen according to the absorption wavelength of the same samples 

(figure 6.12) and spectra were recorded between 240 and 380 nm with 20 nm intervals. 
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Figure 6.13: Photoluminescence spectra of a) the allylamine-terminated silicon quantum 

dots solution in methanol, b) the neat copolymer PS-PEO, c) and d) are the PL features 

of the composite PS-PEO/Si QDs with 10% and 15% of silicon quantum dots respectively. 

 

Excited at wavelength between λexc = 300 and 400 nm, silicon quantum dots exhibit a 

strong fluorescence around 450 nm while in solution. The neat PS-PEO film shows a 

fluorescence emission at 335 nm when excited with wavelength smaller than 280 nm. It 

does not show emission in the same range of wavelength than silicon quantum dots. 

After being blended with silicon nanocrystals, the films exhibit a photoluminescence at 

the same wavelengths as the silicon quantum dots in solution, with increasing intensity 

between 10 and 15 % of silicon nanoparticles loading. From these photoluminescence 

measurements we can conclude that silicon quantum dots contribute to the 

fluorescence of the composite as the relative intensity increases with increasing 

concentration of nanocrystals. Also, no shift in emission wavelength is observed 

between the PL from silicon nanoparticles in methanol solution and the ones combined 
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to PS-PEO, evidencing that no obvious electronic interaction is occurring between the 

quantum dots surface and the block copolymer. 

 

The silicon quantum dots were easily blended into the copolymer by magnetically 

stirring the composite solution. Silicon quantum dots still present good optical 

properties loaded in the block copolymer and at identical wavelength as the silicon 

quantum dots in solution are observed in the photoluminescence study. The cylindrical 

architecture is similar to the nanowire morphology described in section 6.3 for zinc 

oxide nanowires. This nano-arrangement makes the PS-PEO block copolymer an 

alternative to inorganic materials for interface engineering. 

These observations are in good agreement with previous work reported in the 

literature. The Bawendi group found that the emission almost exclusively characteristic 

of the guest nanocrystals (CdSe or CdSE-ZnS core-shell) with the same 15% quantum 

dots concentration.54 Similarly, Zorn et al reported a hybrid between CdSe-ZnS core shell 

nanocrystals and tripenylamine-based BCP and they observed a conservation of the 

optical properties of the QDs as well as an easy processing for LED applications.55 

From these results, PS-PEO is a good polymer template for hybrid organic-inorganic 

architectures. The nanowire-type of morphology is very attractive for solar cell 

applications. Additionally, polystyrene and poly ethylene oxide are cheap and easily 

available and PS-PEO is easy to handle and forms easily thin dry films. 

 

6.6. Silicon quantum dots coated on silicon solar cell 

To enhance the performance of already commercialized silicon solar cells, an interesting 

approach is to use silicon quantum dots to improve the scattering and light trapping and 

possibly to reduce the reflection on the surface of a silicon solar cell.56,57 This section 

aims at observing and understanding the role played by silicon quantum dots in a solar 

cell. This project was conducted in collaboration with Professor Maan Alkaisi from the 
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Canterbury University in Christchurch, New Zealand. On a pre-built solar cell, silicon 

nanocrystals were deposited on the surface and the solar efficiency was measured. 

 

6.5.1. Description of the solar cell 

The solar cell used in this study was fabricated in the cleanroom of University of 

Canterbury in Christchurch, New Zealand by Senthuran Sivasubramaniam. The 

fabrication of the cell was conducted via the spin-on-dopant principle.58 Figure 6.14 

describe the structure of the doped silicon solar cell. A 10 cm diameter silicon wafer 

holds 21 cells. 

 

Figure 6.14: Schematic of the spin-on-dopant silicon solar cell fabricated by the Alkaisi 

group at the University of Canterbury. 59 

 

6.5.2. Deposition of silicon quantum dots 

After a thorough cleaning process of the solar cells, the silicon quantum dots solutions 

were drop casted onto their surface. Silicon quantum dots form a homogeneous film 

across the surface of the wafer. Three different batches of silicon quantum dots were 

used in this study. The first batch was synthesized by reduction of silicon tetrachloride 

using sodium borohydride and further capped with allylamine rendering them water 

soluble. It is composed of nanocrystals with an average size of 3.7 ± 2.6 nm (refer to 

chapter 3 section 3.3). Later it will be refered to this sample as polydisperse SiQDs-

amine as the particle range from 1.5 to 7 nm. The second batch was also capped with 

allylamine, but reduced using lithium borohydride as a reducing agent. The nanocrystals 

in that specimen measure 2.3 ± 0.7 nm. As their size distribution is much smaller, we 
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refer later to that sample as monodisperse SiQDs-amine. The last solution of silicon 

quantum dots contains 1-hexene terminated nanocrystals synthesized using lithium 

borohydride. Their average size is 2.4 ± 1.0 nm and we later referenced them as 

monodisperse SiQDs-1-hexene. The solvent used to disperse the hexane capped 

particles was chloroform. 

The goal of this research is to observe the variation of the photovoltaic response of the 

silicon solar cell with the added layer of silicon quantum dots and the influence of the 

size and surface capping of those quantum dots. Silicon quantum dots are expected to 

increase the overall efficiency of the solar cell. The efficiency variation upon addition of 

SiQDs will be evaluated by current-voltage plots. 

 

Experimental 

First, the surface of the solar cell was cleaned from any impurity using standard solvent 

cleaning with acetone then isopropanol followed by oxygen plasma cleaning. The silicon 

quantum dots solutions were homogenized in an ultrasonic bath for 5 minutes. 

Allylamine-terminated silicon quantum dots were dispersed in water; the ones capped 

with 1-hexene were dispersed in chloroform.  After cleaning, the solar cells were placed 

onto a heating plate, heated at 60°C for silicon quantum dots dispersed in chloroform or 

100°C for water solutions. The solutions were then drop casted onto the surface of the 

solar cell. The solar cells + silicon quantum dots were then placed in an oven at 95°C for 

one hour to remove the possible remaining solvent. The anti-reflective layer is a 

titanium/silica film type C purchase from Emulstone co.60 The anti-reflective film was 

deposited by spin coating at 3000 rpm for 60 seconds, baked on a hot plate at 200°C for 

15 minutes before treatment in a tube furnace at 420°C for 15 minutes.  

After the oven treatment, the contacts were carefully wiped of silicon quantum dots to 

avoid an overlapping of the cells over the wafer, which could lead to an inaccurate 

measure of the current density as its value depends on the surface area.  
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6.5.3. Measurement of J-V curves 

Solar cells efficiency is determined from current density versus voltage (or J-V) plots. 

Those plots record the outgoing voltage in function of the applied current per unit of 

surface. Several characteristic numbers can be extracted from this plot, such as the open 

circuit voltage, the short circuit current the fill factor and the maximum efficiency. In this 

section, we record the J-V characteristics for the untreated solar cell, then for an added 

layer of one of the three different batches of silicon quantum dots, then with a 

combination of two layers of silicon quantum dots of different sizes. Finally those 

characteristics are compared to a solar cell coated with a commercially available anti-

reflective layer. The evaluation of those characteristic numbers will allow to conclude on 

the role played by the silicon quantum dots coated on the surface of solar cells. The 

same set of silicon cells was used for each experiment. 

The current-voltage characteristics of the solar cells bare or with silicon quantum dots 

layers were recorded under the light produced by a solar simulator producing a light 

intensity equivalent to 1 sun (1000 W.m-2).61 Figure 6.15 represents the plots observed 

for the different samples of silicon quantum dots with a schematic of the cross section 

of the layer added on top of the solar cell. 
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Figure 6.15: Schematic of the different layers deposited onto the spin-on-dopant solar cell and 

their corresponding J-V curves compared to the plain solar cell under a light exposure of 1 sun.  
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Figure 6.15 a) represents the untreated silicon solar cell. The open circuit voltage (at J=0) 

is measured at 0.494 V and the short circuit current is 29.1 mA.cm-2. For all different 

treatments sustained by the cells in this study, the open circuit voltage (Voc) remains 

constant, while the short circuit current density (Jsc) on increased. Voc is the maximum 

voltage a solar cell can provide to an external circuit. An increase in Voc would signify a 

production of extra charges. As Voc remains constant, a reasonable assumption then is 

that our quantum dots do not generate extra charges when photoexcited or that the 

produced charges do not travel across the cell and recombine within the dots. Jsc 

represents the photocurrent without resistance and is proportional to light intensity. As 

the light intensity was kept constant for all samples, the increase in Jsc for all the 

coatings is due to an increased photon absorption and a decreased reflection.  

On figure 6.15 c), the solar cell coated with monodisperse SiQDs-1-hexene present a J-V 

curve that have a different shape than the other J-V curves in this study. The SiQDs-1-

hexene treated cell present a higher short circuit current than the untreated cell, but 

from 2.0 V, the SiQDs capped cell present a lower current density than the untreated 

cell, which indicates a lower maximum power of the cell. A possible explanation for such 

a difference between this cell and the other SiQDs treated cells is the possible damage 

of the cell using chloroform as a solvent, as chloroform reacts vigorously with chemically 

active metals such as aluminium which is used in the contacts.  

Considering the general shape of the J-V curves for the amine capped SiQDs coating as 

well as the antireflective layer coating shown in figure 6.15 b),d),e) and f), it can be 

assumed an increased performance of the solar cells using silicon quantum dots. 

 

Figure 6.16 synthesizes the I-V curves for all the coatings in comparison to the untreated 

cell. On this figure is compared the solar cell characteristics of the different coatings 

used in this research. 
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Figure 6.16: J-V curves for the different configuration of the solar cell: neat, with 

different samples of silicon quantum dots and with an antireflective layer. 

 

The maximum short circuit current is obtained for polydisperse SiQDs-amine coating of 

the cells. The NaBH4 reduced silicon quantum dots were proven to have a reduced 

absorption wavelength domain (refer to chapter 3, section 3.3), but here the increase of 

Jsc can be explained by the texture of the surface. The polydispersity of the nanocrystals 

forms an irregular surface. An uneven surface is more likely to limit the scattering of 

incident photons. The cell coated with monodisperse then polydisperse SiQDs show the 

second highest Jsc, but lower than the cell coated with just polydisperse SiQDs. We can 

explain this fact by an increase SiQDs layer thickness that could cause an increase in 

distance for photons to go through before conversion into electrons, creating an 

increased likelihood of the photons being trapped. The anti-reflective material coated 

cell exhibits a abrupt decrease in current density for higher voltage value than any other 

coating. This shape should result in a higher maximum power generated by the cell. 

 

In table 6.1 is presented all the standard characteristic values for solar cells for our 

samples. Jsc is the short circuit current, Voc the open circuit voltage, defined earlier in 

this section. The fill factor is the ratio between the theoretical maximum power 
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(Jsc*Voc) and the effective maximum power. The efficiency is the ratio between the 

maximum power and the incident photons energy.  

 Jsc (mA.cm-2) Voc (V) Fill factor      

FF (%) 

Efficiency       

Ƞ (%) 

Untreated  29.1 0.494 49.6 7.14 

SiQDs-allylamine polydisperse 33.9 0.491 46.8 7.78 

SiQDs-1-hexene monodisperse 33.1 0.491 34.3 5.57 

SiQDs-allylamine monodisperse 30.9 0.496 47.3 7.24 

Antireflective layer 31.4 0.499 54.3 8.51 

SiQDs-allylamine polydisperse + 

SiQDs-allylamine monodisperse 
32.6 0.497 47.81 7.75 

Table 6.1: Summary of the characteristics of the solar cell without silicon quantum dots 

compared to the ones with an added layer of silicon nanocrystals or commercially 

available anti-reflective layer. 

The anti-reflective layer creates a 9,5% increase from 49.6 to 54.3 on the fill factor 

compared to the untreated cell. Silicon quantum dots coated cell present all a decrease 

in the fill factor, even if the Jsc increases. An increase of the maximum efficiency is also 

observed for the titanium silica film coating, from 7.14 to 8.51%. But an increase in total 

cell efficiency is observed for all the SiQDs coatings, except the SiQDs-1-hexene, 

probably due to chloroform damage, as mentioned earlier in this section. Of all the 

SiQDs coated cells, the highest increase in efficiency is observed for polydisperse SiQDs-

amine as expected from the J-V plots. The increase in efficiency from 7.14 to 7.78 

corresponds to a 9% increase in efficiency. Although the cell with standard anti-

reflective coating has a greater efficiency increase than any of the Si QD coated cells. 

The fill factor represents the power generated by the cell compared to a theoretical 

maximum value. An increased efficiency shows an enhanced conversion of incident 

photons into electrons. In our case, it is more relevant to compare efficiencies to 

conclude to the role played by silicon quantum dots as optical absorption enhancers. 
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Figure 6.17: IPCE spectra of dye sensitized solar cells treated (solid circles) and untreated 

(open squares) with the Si nanoparticles and the difference spectrum (solid diamonds) 

between the two spectra. Reproduction from Kim et al.25 

 

The IPCE spectrum obtained by Kim et al (figure 6.17), for their dye-sensitized TiO2 solar 

cell incorporating silicon nanoparticles show an increased quantum efficiency over the 

entire range of wavelength of visible light.25 This finding is consistent with our theory in 

this section that silicon quantum dots have mostly a role as light absorption enhancers. 

6.7. Discussion and summary 

SiQDs attached to ZnO nanowires 

The growth of ZnO nanowires was successful, but it has been found challenging to 

produce large areas of monodisperse nanowires.37,38 The loading of particles by 

immersion of ZnO nanowires arrays into a silicon quantum dots solution is a simple 

method for decorating ZnO nanowires with SiQDs,11,17 but the efficient loading is 

difficult to control. Spin-coating of concentrated silicon quantum dots solution would be 

a more reliable method to get rid of the dependence of time and concentration.62 A 

surface modification of the ZnO nanowiress could be envisaged to facilitate the 

attachment of silicon quantum dots, possibly through hydrogen bonding.25 
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The absorption of the composite ZnO NWs/SiQDs show a slight increase over the UV 

region compared to the neat ZnO NWs. This increase is located in the same wavelength 

domain as silicon quantum dots in solution, so it is consistent with the attachment of 

silicon nanocrystals to the surface of ZnO nanowires. 

The photoluminescence of the composite ZnO NWs/SiQDs present an increase of the 

368 nm peak ( for λexc=320 nm) upon soaking time into the silicon quantum dots 

solution, up to 6 hours. As the 368 nm emission is characteristic for silicon quantum dots 

(see chapter 3), the increased emission is associated to an augmentation of the 

concentration of silicon quantum dots anchored to ZnO NWs. After 6 hours, the 

photoluminescence intensity decreases. A reasonable explanation is that as ZnO NWs 

are sensitive to pH, a prolonged bath in a silicon QDs solution, which is slightly acidic, 

could eventually dissolve ZnO NWs. Therefore, the most appropriate procedure would 

be soaking for a maximum of 6 hours. 

 

SiQDs blended with block copolymers 

An easy processing without high temperature during formation combined to conserved 

optical properties of the silicon quantum dots, BCP/SiQDs composite could develop a 

great interest in optical devices applications. 

Watkins et al first reported the controlled structure of block copolymers (BCP) using 

silicon quantum dots to enhance the separation of the two amphiphillic polymers.13 In 

this research, the experimental protocol used to create films of BCP/SiQDs composite is 

expected to form a cylindrical geometry. 

Using BCP permits an easy loading of the nanoparticles as they are blended in with the 

copolymer before heating treatment. Films are formed by simply drop casting the 

polymer solution onto a substrate and the temperature required to enhance the BCP 

separation is only 100°C.  

Visually, Si QDs still present good optical properties loaded in the block copolymer and 

the blue luminescence is easily observable under UV light. The increase in light 

absorption is difficult to evaluate accurately as the PS-PEO block copolymer used in this 
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study has an absorption feature similar to silicon quantum dots. Nevertheless, an 

increase in the absorption edge attests to the contribution of silicon quantum dots to 

the optical absorption of the composite. No quenching of the photoluminescence of 

silicon quantum dots is observed while blended in PS-PEO. The PL wavelength of the 

silicon quantum dots does not vary in the block copolymer composite. As polymers are 

really big molecules, the interaction with the surface of our silicon quantum dots is 

limited, therefore no electronic interaction between the two polymers and the silicon 

quantum dots can be seen in the fluorescence measurements. 

 

SiQDs as an added layer onto a silicon solar cell 

Silicon quantum dots solution were drop cast onto a ‘spin-on-dopant’ silicon solar cell. 

Three different silicon nanocrystals samples were used in this study: monodisperse-1-

hexene, monodisperse-allylamine and polydisperse-allylamine. The contribution brought 

by silicon quantum dots to the efficiency of the solar cell was assessed by measuring the 

current density – voltage characteristic. All the silicon quantum dots layers increase the 

short circuit current density compared to the untreated cell, while the open circuit 

voltage remains almost constant. The monodisperse 1-henene capped SiQDs coating 

lead to a significant decreased efficiency and fill factor, resulting from a damage caused 

to the cell by the chloroform used as a solvent for those silicon nanoparticles. The most 

effective silicon quantum dots coating was the polydisperse-allylamine SiQDs coating, 

raising the efficiency of the untreated cell by 9%. Polydisperse nanoparticles seem to 

create the highest increase in efficiency, most likely due to the uneven SiQDs film 

surface. Even if the open circuit voltage for all the silicon quantum dots coatings was 

higher than the one obtained for the commercial anti-reflective coating, the general 

efficiency of the cell was higher for the cell coated with the titanium silica anti-reflective 

layer. The general efficiency of the solar cell is increased upon adding a layer of 

allylamine-terminated silicon nanocrystals. This increase is mostly related to the optical 

absorption enhancement and the decrease of the reflection of the incident light. In this 

chapter was demonstrated the influence of silicon quantum dots laid on the surface of a 

planar silicon solar cell. Further investigation was conducted by Senthuran 

Sivasubramaniam. Thanks to his expertise in textured surfaces, it was demonstrated that 
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the short circuit current enhancement in inverted nanopyramid silicon solar cells 

combined to an enhanced Jsc by about 20%. The nanoscale texturing combined to a 

silicon quantum dots layer show a promising approach for the next generation of 

cheaper and highly efficient solar cells.63 

 

Overall conclusion 

All three methods described in this chapter show promising results for the use of silicon 

quantum dots in photovoltaic devices. To my opinion, the SiQDs blended in block 

copolymer show the most potential due to the ease of processing and the conservation 

of the SiQDs optical properties. Even if BCP solar cells show relatively low efficiency so 

far,52 the addition of quantum dots could dramatically improve the photon to electron 

conversion, in this research is shown that the optical properties of the silicon quantum 

dots are conserved in a Quantum dot-Block copolymer hybrid composite. The processing 

can be easily applied to a roll-to-roll fabrication on flexible substrate for flexible 

transparent devices. 
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7. Conclusion 
 

Quantum dot solar cells have considerable potential as a new generation of photovoltaic 

devices. From the results in this thesis, some overarching conclusions about 

semiconductor nanoparticles can be made in this context. This thesis focuses on the 

synthesis and the characterization of semiconductor nanocrystals with the possibility of 

using them as photosensitizers in solar cells. Four types of nanoparticles were 

investigated: silicon and germanium quantum dots, CZTS nanocrystals and finally tin and 

tin/germanium alloy nanoparticles.  

7.1.  Micro-emulsion synthesis and effect of reducing agent 
 

The synthesis via chemical reduction in reverse micelles at room temperature seems to 

produce smaller particles than high temperature decomposition methods, regardless of 

the materials used. 

In chemical reduction using a micro-emulsion synthetic process, the hydride reducing 

agent plays an important role in the control of the growth of the nanoparticles. Using 

different strength of reducing agents leads to a variation of the size distribution of the 

nanocrystals. For silicon nanocrystals, the size of the nanocrystals is decreased from 3.7 

nm to 2.3 nm and further to 1.5 nm by switching from sodium borohydride to lithium 

borohydride to lithium aluminium hydride as reducing agents, respectively. This size 

variation is in good agreement with the results of Prabakar et al for germanium 

quantum dots and Shiohara et al for silicon quantum dots, respectively.1,2  

In the case of CZTS nanocrystals, the chemical reduction led to the production of 

multiple phases instead of pure CZTS phase due to a difference of reactivity of the four 

precursors. Nevertheless, the particles presented a much smaller size than CZTS 

nanocrystals synthesized by high temperature decomposition. SnS, ZnS and Cu2S were 

synthesized via the same chemical reduction process, which, so far, has never been 

reported for those materials. All three metal sulphides synthesized via microemulsion 

presented a small size distribution. 
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The chemical reduction of germanium tetrachloride using hydride reducing agents yields 

smaller particles than other synthetic techniques reported in the literature.3,4 Also, the 

reverse micelle technique allows a better size control and consequently a much 

narrower size distribution than other solution-phase techniques. To conserve the optical 

properties of germanium quantum dots, a good size control is essential as the bulk 

germanium form does not present any fluorescence. 

Finally, metallic tin nanoparticles have been synthesized via the micro-emulsion 

technique and were found to be 4.3 nm on average, which is much smaller than tin 

nanoparticles obtained by reported methods, when synthesized at room temperature.5,6 

The chemical reduction of tin nanoparticles in a solvent media cooled down to 0°C 

produced a much larger size than the tin nanoparticles produced via the same process at 

room temperature. At room temperature, using a strong reducing agent creates a 

“burst” nucleation, meaning that monomers are created almost simultaneously and 

thus, according to the LaMer model, it results in a better size control and a small size 

distribution.7 At 0°C, the reducing agent takes longer to react, leading to a longer 

nucleation process and by all means a larger size distribution. At high temperature, 

reducing agents provoke violent reactions as described in chapter 5 for CZTS 

nanocrystals and are to be avoided. 

7.2.  Optical properties and surface effects 
 

Silicon and germanium quantum dots are excellent luminescent emitters. Germanium 

nanocrystals exhibit a luminescent quantum yield as high as 16%. Also, the high ratio 

between surface area and volume for nanoparticles tends to enhance the surface effects 

on the UV-Visible absorption and the fluorescence.  

In the case of silicon quantum dots, as the size distribution decreases, the UV-Visible 

absorption edge wavelength gets longer. The blue shift of the absorption edge is 

consistent with the direct band gap theory and the increase of band gap energy value 

can be associated to quantum confinement or a statistically reduced localization 

possibility of electrons and holes due to the size proximity to the Bohr radius. Also, in 

chapter 3 is studied the influence on the optical properties of silicon quantum dots 
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capped with three different organic ligands. No absorption or emission ligand 

dependence was evidenced, leading to the conclusion than the optical properties of 

silicon quantum dots is not affected by the functional group of the ligand molecule. 

Nevertheless, the fluorescence originates in both the direct band gap transition due to 

quantum confinement and an electron transfer between the silicon surface atoms and 

their immediate carbon neighbours via a covalent bond. 

Interestingly, a similar experiment performed on germanium quantum dots showed that 

the emission is a complex phenomenon, driven by at least four different emission 

processes. It is highly influenced by the surface termination, mostly in 

photoluminescence intensity at a given wavelength. The multi transition emission 

process cannot be explained by the direct band gap theory alone and surface trap states 

are probably also at the origin of the photoluminescence of germanium quantum dots. 

7.3.  Band gap properties for solar cell applications 
 

Shockley Queisser determined that the optimum bandgap for the light absorbers in a 

single junction solar cell is 1.4 eV.8 With a bulk band gap of 1.4-1.6 eV, CZTS is an ideal 

candidate. Using high temperature decomposition techniques, the CZTS nanocrystals 

were found to present a bulk band gap.9,10 Khare et al in 2011 reported the only case of 

quantum confined CZTS nanocrystals.11 Microemulsion synthesis was expected to bring 

a better size control of the CZTS nanocrystals down to a quantum confined state with a 

band gap increase with a decrease of diameter. Further work will be required to achieve 

a pure CZTS phase through this room temperature process. 

In its semiconducting form, bulk tin has a small bandgap of 0.08 eV. There is a great 

potential for quantum confined α-tin to present a bandgap in the optimum range for 

solar light absorption with quantum confinement. However, the synthesis of α-tin in 

nanoparticle spatial confinement proved very difficult and has not been achieved yet via 

a solution process due probably to the α-tin phase instability under ambient conditions. 

Silicon quantum dots synthesized via the microemulsion process present a bandgap 

energy of 3.4 eV, which is significantly larger than the 1.1 eV band gap of bulk silicon. 
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This increased bandgap is one of the explanations for the bright blue luminescence 

observed for silicon quantum dots along surface effects. A similar trend is observed for 

germanium quantum dots, which band gap increases up to 3.5 eV in the quantum 

confinement when synthesized via the microemulsion process. As germanium has a 

bandgap of 0.67 eV in its bulk form, the increase of energy gap can explain the 

fluorescence observed for those nanocrystals.  

7.4.  Photovoltaic applications   
 

Silicon and germanium quantum dots are not commonly found in QDSSCs research. Si 

and Ge QDs have band gaps too high for the optimum light absorption in a single 

junction solar cell. Nevertheless, they attracted attention as “hot carrier” absorbers, 

collecting photons with high energies and limiting the solar cells losses due to 

thermalization.12-14 In this research (chapter 4), we report the use of silicon quantum 

dots used in solar cells. Using silicon quantum dots as an added layer on top of a doped 

silicon solar cell generates an increase the overall efficiency by up to 9%, most likely due 

to an optical absorption enhancement and the decrease of the reflection of the incident 

sunlight.  

As they have complete compatibility with flexible plastic substrate, ZnO nanowires and 

block copolymers are two different approaches to the construction of solar cells that 

could easily be applied to quantum dots solar cells systems.15-17 With silicon quantum 

dots, a ZnO nanowire platform suffers from a lack of control of the loading of the 

nanoparticles into the structure. Block copolymers can easily be blended with quantum 

dots prior to the heat treatment that give them the desired architecture. Also, when 

using silicon quantum dots, the quantum dots / block copolymer composite preserves 

the full optical properties of the colloidal quantum dots.   

7.5. Future work and overall conclusion 
 

Microemulsion synthesis has proven efficient to produce size controlled nanoparticles of 

single or binary semiconductors. Ternary and quaternary particles have not yet 
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successfully been synthesized via this technique due to a variation of decomposition 

times between the various precursors. A solution could be found in the research 

towards either finding the right precursors to reduce the reduction time discrepancy 

between precursors, or a single precursor source containing the three or four desired 

elements that would produce simultaneously the three or four different monomers. This 

approach could remedy the multi phase formation that has been observed in the 

research with CZTS. 

The microemulsion synthesis of silicon quantum dots is hard to scale up and at this point 

it is difficult to envisage large scale industrial production. Veinot’s synthesis technique 

using the thermolysis of hydrogen silsesquioxane seems a better candidate for large 

yields of silicon quantum dots.18 The downside of this technique is the etching step, 

using hydrofluoric acid, a highly hazardous chemical.  

The origin of the surface effects on the optical properties of silicon and germanium 

quantum dots could be identified using more advanced spectroscopy techniques, such 

as ultrafast laser spectroscopy, to pinpoint the origin of each type of electron transition 

occurring in such small nanocrystals.19 

Silicon and germanium alloy in a nanocrystal form is of significant interest. Alloying both 

elements is expected to combine both optical properties. Gradually varying the 

composition of the binary alloy system SixGe1-x will provide a series of nanoparticles with 

a continuous series of electrical and optical properties. So far, SiGe alloy nanoparticles 

have been synthesized only via physical synthetic processes.20,21 The reverse micelle 

synthesis of SiGe alloy nanocrystals would be an advancement towards optically tunable 

and environmentally friendly quantum dots.  

The highest recorded efficiency for a photovoltaic device is so far 44.7%.22 This high 

performance has been obtained for a multi junction solar cell, combining several III-V 

semiconducting materials with various bandgap to optimize the light absorption range. 

The same principle can be applied to quantum dots solar cells. Silicon and germanium 

quantum dots can be combined to CZTS nanocrystals or metal sulphide nanoparticles in 

a multi layer architecture to absorb most of the wavelengths of sunlight. 
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Inorganic blue emitters with high efficiencies are rare and difficult to produce due to the 

intrinsically wide band gaps and they are a prerequisite for applications as lighting 

sources and flat-panel displays.23,24 The bright blue fluorescence of silicon and 

germanium quantum dots can be utilized in optoelectronic devices, such as light 

emitting diodes. The high quantum yield of 16% for germanium nanocrystals combined 

to a great resistance to photobleaching makes germanium quantum dots a better 

emitter material than organic dyes. 

 

The microemulsion synthesis in reverse micelle can be applied to a variety of 

semiconducting or metallic materials, mostly for primary or binary materials. It presents 

promises for other interesting materials for solar cells, such as ternary or quaternary 

nanocrystals.  Silicon and germanium quantum dots are efficient blue light emitters and 

even though the origin of their optical properties is still not completely understood, they 

have potential for applications in optoelectronic devices. 
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Appendix 1 

Comparison of the UV-Visible absorption spectrum of tryptophan 

to the absorption of germanium quantum dots with four different 

capping  
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