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Abstract 
 
Silicon nanoparticles have recently attracted a lot of attention due to their unique properties compared 
to bulk silicon. When the size of the silicon particles is reduced to 10 nm or less, quantum confinement 
effects start playing a role which results in a more direct and size dependent band gap which 
significantly improves the optical properties of silicon. 
 
This work focuses on three topics. In the first section silicon nanoparticles are produced with a 
conventional non-thermal plasma technique. Small particles with sizes of less than 10 nm were 
produced and crystallinity of the particles could be changed by varying the power applied to the plasma. 
To gain more insight on the surface structure, in situ ATR-FTIR measurements have been performed on 
as-deposited and surface modified particles. A clear difference in silicon hydride surface species was 
observed for crystalline and amorphous particles. Oxidation of the particles was also studied with ATR-
FTIR and a strong reduction in oxidation was found by passivating the particles with alkenes. Further 
characterization of the particles was done with several ex situ techniques such as Transmission Electron 
Microscopy, XRD, Photoluminescence and Raman spectroscopy.  
 
In the second section a novel plasma processing technique is explored which greatly enhances 
deposition rates. An expending thermal plasma (ETP) is used to produce much larger volumes of silicon 
nanocrystals and an increase in production rates of up to 300 times compared to conventional 
techniques is achieved.  A bimodal size distribution was found with particle sizes ranging from 3 to 7 nm 
and 40 to 100 nm which is likely caused by recirculation cells in the chamber. Fully crystalline particles 
were produced and bright luminescence was observed under excitation.  
 
Finally the use of Raman spectroscopy for fast particle size and crystallinity determination was 
investigated. The size-dependent Raman peak shift for nanocrystalline silicon was used to determine 
particle sizes and a good agreement with other analysis techniques was found. Raman spectroscopy can 
therefore be used as a convenient tool to characterize particle properties and correlate the results with 
particle production parameters. 
 
With the novel expanding thermal plasma processing technique a cheap, fast and safe way of 
nanoparticle mass production can be realized. While there are still areas that need to be improved, the 
technique has shown great potential and achieves production rates that are significantly higher than 
existing techniques. Combining this with the properties of the produced particles makes it a promising 
technique for production of silicon nanoparticles on large scales for use in devices.      
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1. Introduction 
 
Nanotechnology has been one of the most important scientific research areas of the last decade. It is 
the study on manipulation and controlling of matter on an atomic and molecular scale. Richard P. 
Feynman was the person to introduce the concepts of nanotechnology in his famous talk “There’s Plenty 
of Room at the Bottom” in December 29 of the year 1959 at Caltech [1]. He described the value of 
research on the small scales with great passion and explained the differences in behavior between large 
and small scale systems. He also mentioned the enormous impact that this research could have on 
technological applications. The actual term “nano-technology” was first used in a paper of the Japanese 
professor Norio Taniguchi in 1974 [2]. The term was defined as following: “Nano-technology mainly 
consists of the processing of, separation, consolidation, and deformation of materials by one atom or by 
one molecule.” Since then the word nanotechnology is used for the physics of the very small and has 
become a multidisciplinary field of study which includes physics, chemistry, biology and material 
sciences.  
 

1.1 Applying the knowledge of the very small 
 
One of the most important breakthroughs of the last decade was the introduction of the transistor 
which was developed in 1947 [3]. At that time, nobody realized what kind of future impact this invention 
would have on society. Demand went up rapidly and smaller and faster transistors were desired. The 
developments in nanotechnology make it now possible to create these transistors with a size of 30 nm 
or smaller and millions of them can be combined to create sophisticated chips with advanced 
functionalities. This is just one example of the enormous amounts of technological applications that are 
realized and improved with the knowledge of the very small.  
 
Material properties can greatly differ from bulk properties when materials are downscaled in one or 
more dimensions. This normally happens when the size is in the nanometer range which causes the 
motion of the electron to be restricted in the confined region. This confinement causes the properties of 
the material to change drastically which opened the door to several novel new devices and applications 
[4]. As demand for smaller electronic components which were more responsive and sensitive went up, 
research in the area of nanotechnology increased strongly leading to many new breakthroughs and 
more control of the size and properties of nanoscale systems.  
 
An interesting development in the field of nanotechnology which is more recent is quantum dots. 
Quantum dots are semiconductors with a size of a few nanometers. This small size confines the 
electron-hole pair, or exciton, in three dimensions which gives rise to new electronic and magnetic 
properties [5]. The characteristic length of the electron-hole pair is the so-called exciton bohr-radius. 
When the size of the particle is comparable or smaller than this radius, properties of the material start 
to change compared to the properties of the bulk material. This typically occurs at sizes of 10 nm and 
less. The specific properties such as the band gap of the quantum dots become related to the size of the 
particles and can therefore be tailored to specific needs. These new properties make quantum dots a 
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promising new material for several (future) applications such as solar cells, displays, LED’s and medical 
devices [6-8]. They are also potential candidates for qubits in Quantum computing [9]. 
 
Nanoparticles are defined as ultrafine particles with a size of 1 to 100 nm. When these particles are fully 
crystalline they are referred to as nanocrystals. Quantum dots are a special class of nanoparticles with a 
size of ≤ 10  nm. Only at these sizes quantum confinement effects start playing a role. Until recently the 
materials used for producing these nanoparticles were mainly CdSe and InAs by using Molecular Beam 
Epitaxy. However, recent new developments make it possible to realize these nanoparticles with 
different materials such as group IV semiconductors and with much faster deposition techniques, 
making it easier to incorporate them in new and existing applications.  
 

1.2 Silicon as an efficient light emitter 
 
Silicon has dominated the field of electronics for many years. It is the base material for semiconductors 
and for many applications such as photovoltaic devices. Its semiconductor properties and abundance 
make it the ideal material for electronic devices and properties can easily be tailored by doping it with 
other elements which changes the number and charge of current carriers. 
 
However, bulk silicon has very poor optical properties and thus making it a very poor light emitter. The 
maximum energy state of the valence band and minimal energy state of the conduction band are at 
different positions in the Brillioun zone leading to an indirect band gap of silicon. Therefore radiative 
recombination is a very inefficient process.  
 
 

 
Figure 1 Comparison of a direct and indirect band gap. The indirect band gap requires an additional phonon for excitation 
due to crystal momentum conservation. 

hv hv 
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The conservation of crystal momentum requires that a phonon is emitted or absorbed for radiative 
recombination to occur. This phonon must balance the difference in electron and hole momentum. A 
schematic comparison of this process can be seen in Figure 1. 
 
Light emitting devices are therefore currently made by using direct band gap materials such as GaAs and 
InP due to their very high luminescence efficiency. However, a full incorporation of silicon based 
photonic devices with electronic circuits is highly desired for fabrication of reliable, efficient and cost 
effective optical and optoelectronic devices. The abundance and low toxicity of silicon are a major 
advantage over other materials that are currently used for these devices.  
 
A major breakthrough came in the early 1990’s when room temperature light emission was reported 
from porous silicon [10]. While nanoparticles where already observed many years ago during research on 
amorphous silicon solar cells, these “dusty” plasma which contained the nanoparticles were initially 
highly undesired. This changed when the promising capabilities of the nanoparticles were discovered. 
Other reports of luminescence from quantum-confined silicon structures soon followed and exciting 
developments such as the observation of optical gain from silicon were achieved [11]. This is all based on 
the drastically different electronic and optical properties of nanocrystalline silicon, such as a more direct 
band gap. The size quantum effect therefore causes a significantly different behavior of nanostructured 
silicon compared to bulk silicon, making it a promising route to efficient light emitters due to much 
better optical properties. A more detailed description of these quantum effects will be introduced in 
Chapter 2.  
 
The change in band structure can also be applied for converting photons into electrical energy. The 
increasing awareness of the energy problems in the world has greatly stimulated research on solar cells. 
This resulted in major breakthroughs in efficiency, costs and structure. Silicon nanoparticles are 
promising systems for use in solar cells and have a great potential to further increase efficiencies of 
modern solar cells. Several ways of incorporating silicon nanoparticles in solar cells are discussed in 
Chapter 2.  
 

1.3 Goal of the project  
 
While silicon nanoparticles have attracted much attention due to their special properties, a fast and 
efficient deposition process is still missing. Applying these nanoparticles in devices will require a 
deposition technique which is able to deposit the nanoparticles with high rates and large volumes and 
therefore a faster deposition method is highly desired. This has to be combined with a good passivation 
procedure of the particles for stable particle properties and addition of specific functionalities. 
 
This work focuses on both the production and the analysis of silicon nanoparticles to gain more insight 
in the properties of the nanoparticles structure and coming a step closer to mass production of silicon 
nanoparticles for use in devices. A new production process which is able to significantly improve 
deposition rates compared to conventional deposition techniques is presented and further investigated. 
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The properties of these particles are analyzed with several ex situ analysis techniques. Also the surface 
properties of as-deposited and modified nanoparticles are studied in situ from which valuable 
information is obtained for possible passivation routes of the particles.  
 
In the first part of this thesis silicon nanoparticles with an average size of 5 nm are created in a 
conventional non-thermal plasma, similar to the one used by Kortshagen et al [31]. Attenuated Total 
Reflection FTIR (ATR-FTIR) was performed on the particles for in situ characterization of the as-deposited 
particles and surface modified particles. Several ex situ methods have been performed to further 
analyze the particles size, shape and crystallinity. These methods include Transmission Electron 
Microscopy, X-Ray Diffraction, Photoluminescence and Raman spectroscopy.   
 
A novel way of silicon nanoparticle production with a so-called expanding thermal plasma is introduced 
in the second part of this thesis. This study explores the possibilities of nanoparticle formation in an 
expanding thermal plasma and proposes a method to use specific diagnostic tools for fast and 
convenient determination of the properties of the produced silicon nanoparticles. The expanding 
thermal plasma is a promising technique for nanoparticle formation due to the high production rates 
and large production volumes as will be shown later. 
The properties of the nanoparticles are again analyzed with several ex situ measurement tools and the 
obtained results are compared with the nanoparticles which are produced with the conventional non-
thermal plasma method. This chapter also focuses on obtaining valuable information such as crystallinity, 
size and size distribution of the particles with Raman spectroscopy for fast and easy determination of 
the influence of production parameters on particle properties.  
 

1.4 Outline of this thesis 
 
The main topics of this study are divided into 7 chapters. A short introduction of the theoretical 
background of silicon nanoparticles and possible applications of these particles is given in Chapter 2. 
This is followed in Chapter 3 by an overview and theoretical background of the important analysis tools 
which were used during this study. In Chapter 4 several production techniques for silicon nanoparticles 
are discussed and compared.  
 
The results of this work are discussed in two chapters. Analysis of the small nanoparticles produced with 
a non-thermal plasma production technique is presented in Chapter 5. The main focus of this chapter 
lays on the analysis of the particles structure with in situ ATR-FTIR and several ex situ techniques.  
In Chapter 6 the properties of the particles produced with a new deposition technique, based on an 
expanding thermal plasma, are discussed and compared with the results from Chapter 5. Extra attention 
will be paid to Raman measurements which were performed for quick analysis of the particles 
crystallinity and size estimation. Finally, the two production methods are compared and an overall 
conclusion and outlook is given in Chapter 7.    
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2. Theory 
 
Chapter 2 will focus on the theoretical background of the silicon nanoparticles and some solar cell 
applications are presented. A description of the quantum confinement effects is presented in the first 
part of this chapter which is followed by an overview of methods to incorporate the nanoparticles in 
solar cells which is one of the most promising applications for silicon nanoparticles. Finally the plasma 
based formation of silicon nanoparticles and passivation is discussed.  
 

2.1 Silicon nanoparticles 
 
Silicon has been the most important material for electronic devices for many years. This semiconductor 
material can be tailored to specific needs by doping and the abundance and specific properties of silicon 
make it a suitable material for many applications. The main problem with bulk silicon is that it has an 
indirect band gap which makes it unsuitable for light emitting devices due to the poor optical properties. 
This indirect band gap can be seen in the band structure of silicon in Figure 2:  
 
 

 
Figure 2 Electronic band structure of silicon. The indirect band gap is highlighted for clarity [12]. 
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However, the band gap can become more direct by strongly reducing the size of the silicon particles. 
When the size of the silicon particles is smaller or comparable to the exciton Bohr radius, the energy 
bands transform from continuous to discrete atomic-like levels. This is due to the quantum confinement 
of the excitons. If the size of the nanoparticle is small enough, the electron-hole pair will be confined in 
three dimensions and a so-called quantum dot is created. These silicon nanoparticles are promising 
materials since the band gap becomes more direct and size-dependent when the particles are small 
enough. To obtain a basic understanding of these quantum dots, a model will be developed in the 
following section.  

2.1.1 Quantum confinement model 
 
The most basic model for a quantum dot is the particle in a sphere. Although this model is very simple, it 
already gives a good understanding of the properties of the quantum dot. The model uses a particle with 
mass m in a spherical potential well with radius a: 
 

     𝑉(𝑅) = �0, 𝑟 < 𝑎
∞, 𝑟 ≥ 𝑎

�            (2.1) 

 
Now solving the Schrödinger equation following Flügge’s approach [13] results in the following wave 
function solutions: 

    𝛷(𝑟, 𝜃,𝜙) = 𝐶 𝑗𝑙�𝑘𝑛,𝑙𝑟�𝑌𝑙
𝑚(𝜃,𝜙)

𝑟
            (2.2) 

 
with C a normalization constant, jl the lth order spherical Bessel function, Ylm the spherical harmonics and  
 

      𝑘𝑛,𝑙 = 𝛼𝑛,𝑙
𝑎

            (2.3) 

 
where αn,l  is the nth zero of jl. The energy levels of the particle are then given with: 
 

     𝐸𝑛,𝑙 = ħ2𝑘𝑛,𝑙
2

2𝑚
= ħ2𝛼𝑛,𝑙

2

2𝑚𝑎2
            (2.4) 

 
This shows that the energy levels strongly depend on the size, namely by a-2. By decreasing the size of 
the particles, a larger energy level spacing can be realized. Because of the spherical symmetry of the 
problem, the wave functions in equation (2) can be seen as atomic like orbitals labeled by the quantum 
numbers n(1,2, 3..), l(s, p, d, ..)and m. 
 
The previous simple model gives a basic understanding of the quantum dots. However, a better 
understanding can be obtained by adding additional elements to this model to get a more realistic 
representation.  
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A particle in an empty sphere was used to describe to properties of a quantum dot previously. A real 
quantum dot is obviously filled with semiconductor atoms. The potential seen by one electron is 
therefore complicated. It depends on time and various other parameters such as the position of other 
electrons and cores. However, the potential can be approximated by ‘smearing’ it out. This leads to a 
potential which is periodic in space and constant in time. It contains the average potential of all the 
other electrons and atom cores. The periodic nature of the potential can now be used to approximate 
the wave functions by Bloch wave functions. The wave functions of the quantum dots are subsequently 
described by a linear combination of Bloch functions: 
 

    𝛹(𝑟) = ∑ 𝐶𝑛,𝑘𝑢𝑛,𝑘(𝑟𝑘 )exp 𝑖𝑘�⃗ ∙ 𝑟           (2.5) 
 
with un,k a function periodic with the lattice constant.  
 
In most cases un,k only weakly depends on k which results in the following approximation: 
  

    𝛹(𝑟) = 𝑢𝑛,0 ∑ 𝐶𝑛,𝑘exp 𝑖𝑘�⃗𝑘 ∙ 𝑟 = 𝑢𝑛,0 ∙ 𝑓(𝑟)          (2.6) 
 
where f  is the single particle ‘envelope’ function.  When the “tight-binding” approximation is used, un,0 
can be written as a linear combination of isolated atomic wave functions: 
 
     𝑢𝑛,0(𝑟) ≈ ∑ 𝐶𝑛,𝑖 ∙ 𝜙(𝑟 − 𝑟𝑖)𝑖            (2.7) 
 
with ϕ(r-ri) the isolated atomic wave function at position r and n the valence or conduction band for 
the electron or hole. The envelope function f can be described with equation (2.2) for a quantum dot 
with spherical boundary conditions and an infinite potential at the barrier. The energy of the electrons is 
again similar to the energy levels that were previously calculated. However, the mass is replaced by an 
effective mass meff to incorporate the complicated potential that is felt by a particle in a quantum dot. 
Therefore the particle can be treated again as a free particle in the quantum dot by incorporating the 
effective mass.  
 
The density of states of a system describes the amount of states at each energy level which is available 
to be occupied. This also changes drastically when the system is confined in one or more dimensions. 
The electronic energy levels for a quantum dot become discrete levels, similar to the electronic levels of 
an atom. The result is a density of states which consists of multiple delta peaks corresponding to each 
energy level. There is no k-space available which can be filled up with electrons and therefore each 
quantum state can be filled up with only 2 electrons. This leads to a density of states which can be 
described with the following equation:   
 
     𝐷(𝐸)0𝐷 = ∑ 2𝛿(𝐸 − 𝐸𝑛)𝑛            (2.8)
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 Figure 3 shows an overview of the influence of confinement on the density of states: 

 
Figure 3 Development of the density of states for systems with increasing confinement. A confinement in three dimensions 
results in a density of states which consists of delta peaks due to discrete energy levels. This is the case for silicon 
nanoparticles with a size of less than 10 nm [14]. 

 

2.2 Solar Cells 
 
Solar cells have become a popular research field in recent years. With the increasing awareness of the 
energy and environmental problems, solar cells have been gaining attention. This has resulted in several 
new types of solar cells which are cheaper to fabricate, have higher efficiencies or can be made into new 
and sometimes even flexible shapes. 
 
The basic principle of a solar cell is relatively simple. The most commonly used solar cells are large area 
p-n junctions made from silicon. An electric field is generated due to the diffusion of the electrons and 
holes into the p-type and n-type regions which promotes the charge flow in a certain direction [15]. When 
a photon now hits the silicon solar cell, three scenarios can take place: 
 

- The photon gets reflected off the surface. 
- The photon passes through the solar cell but is not absorbed. 
- The photon gets absorbed by the silicon and an electron-hole pair is created. 

 
In the first two events the photon energy is lost. Low energy photons usually pass straight through the 
solar cell. This occurs since the band gap energy of silicon is larger than the energy of the photon and 
therefore it cannot be absorbed by the material. If the energy of the photon is equal or higher than the 
band gap, there is a much bigger chance of absorption which will result in the creation of an electron-
hole pair. The electron and hole then diffuse to lower energy levels creating a build-up of charge. A 
current can now flow when an electric circuit is formed between the two charge regions.   
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In 1961, Shockley and Queisser calculated the thermodynamic limit of maximum efficiency for a p-n 
junction silicon solar cell with a band gap of 1.1 eV. A limit in efficiency of 33% was found under 
standard AM 1.5 solar illumination at 300°K [16]. The difference between this number and the efficiencies 
that modern solar cells reach is mainly due to practical problems like reflection off the front surface of 
the solar cell and light blockage from the electrical contacts. The major losses however are caused by 
fundamental issues of the absorption of photons which limits the efficiency of an ideal silicon solar cell 
to 33%.    
 
Conventional solar cells (Type I/II) are only able to absorb light with an energy which is equal or higher 
than the specific band gap. Lower energy photons are not absorbed while energy is also lost from 
photons with a higher energy than the band gap, in which the excess energy is lost as heat. This 
mismatch between photon and band gap energy is currently the major loss process in traditional solar 
cells. An overview of the losses in these conventional solar cells is schematically illustrated in Figure 4: 
 
 

 
 

Figure 4 An overview of the several energy losses in conventional solar cells [17]. 

 
The following losses can occur in solar cells: (1) Low energy photons are not absorbed in the solar cell; (2) 
Excess energy of high energy photons is converted into heat; (3) and (4) Junction and contact voltage 
losses; (5) Recombination of electrons and holes. A general overview of the importance of these losses 
for a typical crystalline solar cell can be seen in Figure 5. The main loss is the spectral mismatch since 
today’s solar cells are only able to absorb a small fraction of the spectrum. About half of the sunlight has 
an energy that is less than 1.1 eV and this light cannot be converted into electricity in the silicon solar 
cell. Therefore the efficiency of solar cells could be improved drastically if a bigger fraction of the solar 
spectrum could be used.     
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Figure 5 Energy losses for a typical crystalline silicon solar cell in percentage of the total solar spectrum energy. 

 
Silicon nanocrystals are promising materials for use in solar cells. The size-dependent band gap of silicon 
nanocrystals can be potentially used to capture a larger part of the solar spectrum. This can be done in 
several ways such as converting single photons to photons with a different wavelength (down-shifting) 
or even generation of multiple photons from a single high energy photon (multi-exciton generation). 
These methods for incorporating silicon nanocrystals in solar cells will be discussed in the following 
sections. 
 

2.3 Tandem solar cells 
 
Conventional silicon solar cells are able to absorb a specific region of the solar spectrum due to their 
design and single band gap. The fraction of the converted photons can be increased by applying silicon 
nanoparticles with several sizes. This so-called tandem cell contains several layers of nanoparticles on 
top of each with increasing band gap energies. Therefore both low and high energy light can be 
absorbed and used. Low energy light will have a longer penetration depth and therefore large 
nanoparticles with a relatively small band gap should be used on the bottom layer of the solar cell, 
assuming that the light enters the solar cell from the top. The high energy photons are absorbed in the 
first layer which contains small nanoparticles. This principle is schematically displayed in Figure 6. The 
nanoparticles can also be combined with a conventional amorphous silicon solar cell which replaces the 
bottom layer of nanoparticles. 
 

15%

56%

9%

13%

7%

Solar Spectrum
Converted to electricity Spectral mismatch

Contact shadowing, reflection loss Fundamental generation / recombination

Extra generation / recombination
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The result is a much better absorption of the solar spectrum and therefore an increase in efficiency. Due 
to the bigger band gap of the nanoparticles a larger open circuit voltage is also realized. Efficiencies of 
45% and 50% are theoretical possible for two- and three-stacked tandem cells respectively [18]. These 
would contain two or three layers of nanocrystals with each layer having nanoparticles with specific 
sizes. For an unlimited amount of layers an efficiency of 68% is theoretically possible. 
 

 
 

Figure 6 Tandem solar cell where several layers of silicon nanoparticles are able to convert a larger fraction of the solar 
spectrum due to the spread in band gaps. The smallest particles are deposited on the top section of the solar cell to capture 
the high energy light [90]. 

2.4 Downshifting 
 
Instead of an “active” use of silicon nanocrystals in solar cells as described in the previous section, it is 
also possible to use them in a passive way. Solar cells have an optimal efficiency for light with a specific 
wavelength, depending on the band gap energy of the used material. Even when the energy of a photon 
is high enough for absorption, the shorter penetration depth of the high energy photons can result in an 
early absorption in the active layer of the solar cell. The electron and hole are then unable to reach the 
contacts and energy is lost.  
 
The optimal wavelength in nanometers for a single junction solar cell can be described with the 
following equation: 

 𝜆𝑜𝑝𝑡 = 1240
𝐸𝑔

               (2.9) 

 
This formula gives an optimal wavelength of 775nm for hydrogenated amorphous silicon solar cells 
which corresponds to red light. Crystalline silicon solar cells have an optimal wavelength of 1100nm. 
Efficiencies can therefore be increased by converting the incident light to the optimal wavelength before 
it enters the solar cell. This is the so-called “downshifting” of the solar spectrum where high energy 
photons are converted to lower energy photons.  
 
When a layer of nanocrystals is applied to the surface of the solar cell, they can act as efficient 
downshifters of the high energy light. The high energy photons are absorbed by the nanocrystals and 
photons with a lower energy are reemitted. The energy of the reemitted photons depends on the band 
gap of the nanocrystals and can therefore be influenced by changing the size of the particles. Lower 
energy photons are able to pass through the nanoparticles if the band gap energy of the nanoparticles is 
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larger than the photon energy. These can therefore still be converted in the actual active region of the 
solar cell. 
The reemitted lower energy photons can now be efficiently converted into electric energy by the solar 
cell. The result is a much better use of the solar spectrum. The low energy photons from the sunlight will 
not be absorbed by the quantum dots and will penetrate directly into the solar cell. A theoretical 
efficiency increase of 10% is calculated for solar cells with a band gap of 1.1 eV [19-22].   
 
However, not all of the high energy photons are absorbed by the nanoparticles. Some of the photons 
will still be able to pass through the layer of nanoparticles. The photons that are absorbed will also be 
reemitted in all directions and therefore not all of the lower energy photons will enter the solar cell. 
Light trapping is therefore essential. A schematic overview of the method can be seen in Figure 7. 
 
The efficiency will therefore in practice be lower than the theoretical calculated efficiency. The main 
advantage of this technique is that it can be easily applied to existing solar cells as a passive layer. By 
depositing a layer of the quantum dots the efficiency of conventional solar cells can potentially be 
increased in a fast and cheap way without making any structural modifications to the solar cell. 
 
 
 
 
 
 
 
 
 
 
The opposite of down-shifting can also be applied. This technique is called up-conversion and converts 
the low-energy photons to higher energy photons. By applying an up-conversion layer at the back of a 
solar cell, the low energy photons that are able to penetrate through the active layer can be absorbed 
and reemitted as higher energy photons. This however requires the absorption of two or more photons 
to create one high energy photon. A meta-stable state is therefore required in the material for this to 
occur. This could be realized with silicon nanoparticles due to the relatively long lifetimes that can be 
achieved.  
 

2.5 Multi-Exciton Generation 
 
While downshifting the high energy photons to lower energy photons is an easy solution for using a 
bigger portion of the solar spectrum, a large fraction of the energy is still lost as heat due to the excess 
energy of the photons. This excess energy can potentially be used for the creation of multiple excitons, a 
mechanism which is called Multi-Exciton Generation (MEG) or carrier multiplication. One high energy 
photon can create two or more electron-hole pairs which subsequently decay and emit two lower 

 
Solar cell 

Figure 7 Downshifting of the solar spectrum. High energy photons are downshifted by the nanoparticles to lower energy 
photons which can efficiently be converted in the solar cell. 

Nanoparticles 



19 
 

energy photons which ideally match the band gap of the solar cell. The excess energy of the conduction 
band electron is not dissipated as heat but is, instead, transferred to a valence-band electron, exciting it 
across the energy gap. This process is known as impact ionization and can be regarded as the reverse of 
Auger recombination [23, 24]. The process is schematically compared with the ordinary process in the 
following figure:  
 

 
Figure 8 Traditional solar cell where the excess energy of the electron is lost as heat (a). The excess energy is used to excite a 
second electron to the conduction band with impact ionization (b). 

 
Instead of transferring the energy to a second electron in the nanoparticle itself, the excess energy can 
also be transferred to a neighboring particle where a second exciton is generated. The process, named 
space-separated quantum cutting (SSQC), has been observed for silicon nanocrystals [25]. This could be 
promising systems for much higher efficiency solar cell systems. The following figure shows the 
conventional decay process compared to SSQC with two neighboring quantum dots:   
 

 
Figure 9 Mechanism for a conventional solar cell and space-separated quantum cutting. A high energy photon is absorbed 
and an electron-hole pair is created. The excess energy is lost for conventional solar cells while for space-separated quantum 
cutting it is used to excite a second nearby particle, generating a second electron-hole pair [26].  
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The lifetime of the multiexcitons in silicon nanocrystals were found to be very short (50-100ps) due to 
Auger recombination and subsequent fast carrier cooling. Direct harvesting of this energy is therefore 
difficult since only the last exciton has a relative long lifetime and is usable. For SSQC the silicon 
nanocrystals need to be closely spaced to be able to transport the excess energy to the neighboring 
particle. Experiments have shown that the nanoparticles have to be 1nm or closer to each other for the 
process to work.  
 
The photon also has to have an energy which is at least equal or larger than twice the band gap energy 
of the material to create a second electron-hole pair. A threshold energy of 2.4 Eg was experimentally 
found for silicon nanocrystals which is slightly more than twice the band gap. This difference is caused 
by imperfections in the material and the complicated band structure of silicon. The technique has the 
potential to increase the efficiency of silicon based solar cells to a thermodynamic limit of roughly 44% 
[25, 26]. 
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2.6 Passivation 
 
Surface defects due to the termination of silicon on the edges and surface cannot be avoided. These so-
called dangling bonds consist of undercoordinated silicon atoms which are connected to only three or 
less other atoms which results in one or more free bonds. These defects are usually on the surface since 
this is the place where the regular crystal structure is terminated. The result is a recombination site 
which can dramatically decrease the efficiency of solar cells and other semiconductor applications.  
 
Passivation is the process where these dangling bonds get “filled” with a layer of atoms which 
significantly reduces the number of recombination sites. The first strategy to reduce the surface defect 
density is to passivate the atoms with for example atomic hydrogen or with a thin dielectric or 
semiconductor film. This is often referred to as chemical passivation. A new development that has 
showed promising results for solar cells is the growth of a high quality SiO2 film followed by annealing of 
the film. These results can mainly be attributed to the extremely low interface defect density of the 
thermal SiO2 layer [32, 33]. 
Another technique is the attachment of unsaturated organic molecules. This passivates the particles but 
can also add specific functionalities to the nanoparticles. This technique will be discussed in more detail 
in section 2.7.  
 
The second strategy, the so-called field-effect passivation, uses a built-in electric field which results in a 
significant reduction of the electron or hole concentration at the semiconductor interface. Since 
recombination processes require both electrons and holes, the highest recombination rate is obtained 
when the electron and hole concentration are approximately equal in magnitude at the surface. 
Otherwise the recombination rate scales with the minority carriers concentration at the surface.  
 
The electron or hole concentration at the semiconductor interface can be altered by electrostatic 
shielding of the charge carriers through an internal electric field which is present at the interface. By 
applying fixed electrical charges at the semiconductor interface an internal electric field can be 
generated. A recent example in literature is silicon surface passivation of Al2O3 [34, 35]. 
 
Due to the small radius and therefore high curvature of silicon nanoparticles, passivation becomes even 
more important. Oxidation of the silicon nanoparticles is a fast process and starts immediately when the 
nanoparticles become in contact with an oxygen environment. This oxidation process will cause the 
particle core to shrink and will create a silicon-oxide shell around the silicon nanoparticle and thus has a 
major effect on the particle properties. The high amount of surface area compared to the volume makes 
the nanoparticles even more reactive compared to bulk silicon. An overview of common silicon 
nanoparticle production mechanisms will be presented in Chapter 4.   
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2.7 Alkene passivation 
 
Organic modification of silicon surfaces by attaching various unsaturated molecules has recently 
attracted much interest. Combining organic chemistry with semiconductor technology could bring new 
functionalities and applications such as biosensing. This is done by attaching molecules with specific 
properties to the particles surface.  
 
It can however also be used for passivation of nanoparticles which is still one of the main issues in 
nanoparticle production. Rapid oxidation of the as-deposited particles occurs when they are exposed to 
oxygen due to their small size and large surface area to volume ratio. The oxidation can drastically 
change the properties of the nanoparticles due to a growing oxide shell around the particles which 
reduces the size of the particles. This oxidation is so severe that the silicon nanoparticles heat up and 
can even catch fire due to the large area to volume ratio and bad heat conductivity. A more controlled 
passivation method is therefore desired.  
 
Unsaturated organic molecules have already been proven successful for solution based passivation of 
silicon nanoparticles and porous silicon [79]. However, the nanoparticles have to be transferred from the 
reactor were they are produced to an alkene solution which increases the risk of exposure to oxygen. 
This is not the case for gas-phase passivation immediately after or during deposition of the 
nanoparticles.  
 

Figure 10 shows a schematic overview of the general passivation mechanism of Alkenes on silicon. The 
reaction mechanism starts with an organic molecule attaching to a previously generated dangling bond 
on the silicon surface. It binds through a strong Si-C bond on the surface and this gives rise to a 
metastable surface bound organic group with a carbon-centered radical. This highly reactive carbon 
radical then abstracts a hydrogen atom from a neighboring Si-H group. Another dangling bond is now 
created which can act as a new attachment site for another molecule. The result is a surface chain 
reaction which covers the silicon surface with alkenes [36, 37].  
 

 
 

Figure 10 Alkene reaction mechanism with the silicon surface. Alkenes attach to previously generated dangling bonds which 
forms a metastable group on the silicon surface. A nearby H-atom is removed by a reactive carbon radical which forms a new 
dangling bond. The reaction can therefore happen again and this results in a surface chain reaction [36]. 
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Two types of alkenes were used in this study. Ethylene is a shorter chain alkene with only two carbon 
atoms while 1-Hexene has a much longer chain and contains 6 carbon atoms. The chemical structures of 
both alkenes can be seen in the following table:  
 
Table 1 Chemical structure of the chemical species which were used in this study. 

Name Ethylene 1-Hexene 
Chemical structure  
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3. Analysis techniques 
 
In this chapter a selection of important analysis techniques which were used in this study are presented. 
The working principle and some theoretical background are given for each method. The specific 
properties and parameters of the equipment which were used in this study are also included.  

3.1 Fourier Transform Infrared Spectroscopy 
 
Molecules can vibrate in many ways and the specific way in which it vibrates is called a vibrational mode. 
The number of vibrational modes is dependent on the structure of the molecule and the amount of 
atoms N. Linear molecules have a total of 3N-5 modes whereas nonlinear molecules have 3N-6 degrees 
of vibrational freedom. Examples of these modes are the so-called stretching, bending, wagging and 
twisting modes [42]. These are also schematically displayed in Figure 11. 
 
Infrared spectroscopy uses the fact that molecules absorb very specific frequencies which results from 
their structure. The vibrational modes of the molecule has several unique frequencies and therefore the 
radiation gets absorbed if the frequency matches the frequency of the bond or group that vibrates. Each 
mode has a specific frequency that in a first approach results from the strength of the bond and the 
mass of the atoms. Therefore a particular bond type can be associated with a specific frequency. The 
mid-infrared region of approximately 400-4000 cm-1 is commonly used to analyze the bonds since most 
of the important bond frequencies lay in this region.  
 
A spectrum is acquired by passing a beam of infrared light through a sample. The transmitted light now 
reveals how much of the energy was absorbed at each specific wavelength. All of the infrared 
frequencies can be measured simultaneously by using an interferometer. This signal is then transformed 
to a frequency spectrum by applying Fourier Transformation. The measured spectrum is compared with 
a background to generate a spectrum which only shows the absorption or transmission of the sample. 
The specific frequencies of the absorptions can now be used to gain information about the molecular 
structure of the sample.  

 
Figure 11 Schematic overview of common vibrational modes. 
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3.2 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
 
While FTIR is an accurate and widely used method, it often requires sample preparation and exposure of 
the sample to the atmosphere. Attenuated Total Reflection FTIR (ATR-FTIR) uses the same principles of 
regular FTIR but uses the changes that occur in a totally reflected infrared beam which penetrates the 
sample several times. The basic principle can be seen in the following figure: 
 

 
 

Figure 12 A schematic overview of the principle of Attenuated Total Reflection FTIR. The infrared beam enters the ATR 
crystal and gets reflected several times. At every reflection an evanescent wave penetrates the sample which alters the 
infrared beam. After several passes the beam exits the crystal and is detected. 

 
The incoming infrared beam is directed on an optically dense crystal with a high refractive index at an 
angle of 90 degrees. Examples of commonly used materials for ATR crystals are Zinc Selenide (ZnSe) and 
Germanium (Ge). Due to the difference in refractive index, total internal reflection will occur. This 
internal reflection creates an evanescent wave which penetrates the sample but only for a distance of 
roughly 0.5 to 5 μm. Direct contact between the sample and the crystal is therefore required. The 
evanescent wave only contains energy flow when absorption in the sample occurs.  
 
The evanescent wave has a penetration depth dp which is defined as the depth where the amplitude of 
the evanescent wave is only 37% of its original value. The exponential decay of the electric field 
amplitude within the medium can be described as [44, 45]: 
 

    𝐸 = 𝐸0exp �−2𝜋
𝜆1

(𝑠𝑖𝑛2𝜃 − 𝑛212 )1 2⁄ 𝑧�           (3.1) 

 
with E0 the original amplitude of the wave, λ1 the wavelength of radiation in the denser medium (λ1 = 
λ/n1), λ the wavelength in free space, θ the angle of incidence, z the distance from the surface and n21 is 
equal to the ratios of refractive index n2/n1. 
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The penetration depth can now be defined as the depth where 𝐸 = 𝐸0exp (−1). This gives the 
following expression for dp: 
 

     𝑑𝑝 = 𝜆

2𝜋𝑛1�𝑠𝑖𝑛2𝜃−𝑛212 �
1 2⁄             (3.2) 

 
Typical penetration depths are 0.5 - 5µm. The actual thickness of the sampled material is however 
slightly larger than dp due to the definition of the penetration depth.   
 

 
 

Figure 13 Penetration of the evanescent wave into the sample. The penetration depth dp is defined as the depth where the 
evanescent wave has 37% of its original intensity [44]. 

 
The second requirement is that the refractive index of the crystal must be larger than the refractive 
index of the sample. Otherwise transmission of the light would take place instead of reflection in the 
crystal. Typical values of the refractive index are 2.4 (ZnSe) to 4.01 (Ge) at 2000 cm-1 for common ATR 
crystals.  
 
The sample will absorb in distinctive regions of the infrared spectrum which therefore alters the IR beam. 
This can subsequently be used to generate a spectrum. The crystal itself will also absorb some 
frequencies of the beam. For the case of ZnSe the light with wavenumbers below 700 cm-1 is absorbed 
which is well below the wavenumber of the peaks that are analyzed in this study. Therefore it is 
important to use a crystal which does not absorb in the region of interest.  
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Figure 14 Dependence of the refractive index on the reflectivity of the infrared beam. If the refractive index of the sample is 
too high, transmission will occur and the infrared signal is lost [43].  

 
One of the main advantages is that it can be used for in situ IR measurements. Regular FTIR requires the 
sample to be exposed to the environment which can change the properties of the sample drastically. 
ATR-FTIR is also a very sensitive and quick method due to the multiple absorption sites which strongly 
enhances the signal to noise ratio. Finally it minimizes measurement variations and therefore more 
reliable data is acquired since changes in measuring conditions are minimal.  
 
The focus of the measurements will lay on the 2000-2200cm-1 region which corresponds to silicon 
mono-, di- and trihydride species. Oxidation of the particles creates two peaks which are centered at 
2250 and 1050cm-1. Surface reactions with alkenes will result in silicon-carbon peaks in the 2800-
3000cm-1 range. A more detailed description of the peaks will be given in Chapter 5.    
 
IR radiation was generated with a Thermo Scientific Nicolet 6700 spectrometer. The beam is detected 
with a liquid cooled Mercury Cadmium Telluride (MCT-A) detector. The full range of 400-4000 cm-1 is 
scanned and the spectrum is averaged over 100 scans to further reduce the signal to noise ratio. A 
background spectrum is taken before each scan. This is used to obtain the FTIR spectrum of the 
deposited particles by subtraction of the background from the measured spectrum. 
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3.3 Raman Spectroscopy 
 
Raman spectroscopy is a powerful light scattering technique which is used to analyze the internal 
structure of molecules and crystals. The vibrational, rotational and other low-frequency modes can be 
studied with this method. Light from a laser with a wavelength in the visible, near infrared or near 
ultraviolet region interacts with phonons in the system. The energy of the laser photons is shifted up or 
down during interaction with the sample and this shift gives information about the phonon modes in the 
system. The amount of energy change is a characteristic of the nature of each bond. 
 
The photons of the laser light excite the molecule from the ground state to a new virtual energy state. 
When the molecule relaxes it will send out a new photon and can return to a different vibrational or 
rotational state. If this occurs, the new emitted photon will have a different frequency due to the 
difference in energy between the new and old state as can be seen in Figure 15. 
 
The relative number of molecules in states of different energy compared to the ground state can be 
calculated with the Boltzmann distribution: 
 

      𝑁1
𝑁0

= 𝑔1
𝑔0
𝑒−

∆𝐸𝜈
𝑘𝑇             (3.3) 

 
with N0 and N1 the number of atoms in the lower and higher vibrational state, g0 and g1 the degeneracy 
of the lower and higher vibrational state, ΔEν the energy difference between the two vibrational states, 
k the Boltzmann constant and T the temperature.  
 
A shift to lower a frequency will occur when the final state is more energetic compared to the initial 
state. This is the so-called Stokes-shift. It can also occur that the final state is less energetic and 
therefore a shift to higher frequencies will take place which is called an anti-Stokes shift. Since there is 
an energy transfer from the photon to the molecule, Raman scattering is an inelastic scattering 
technique [38]. From equation (3.3) it can be seen that the higher vibrational states at room temperature 
have a much lower population and this causes a much lower anti-Stokes intensity compared to the 
Stokes intensity.  
 
The light which comes from the illuminated spot is collected with a lens and sent through a 
monochromator. Since Rayleigh scattering also occurs, which is emitted light with the same frequency 
as the laser light, this light is filtered out while the rest of the light is collected on a detector. 
Approximately only 10-7 of the scattered light is Raman light.  
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Figure 15 Energy level diagram showing the different transitions that can occur during Raman spectroscopy. Stokes scattering 
will lead to a shift to lower frequencies while anti-Stokes scattering will give a shift to higher frequencies [81].  

 

3.3.1 Raman spectroscopy on silicon nanoparticles 
 
Raman spectroscopy is a fast and convenient method to determine whether silicon is amorphous, 
crystalline or a combination of the two. The conservation of phonon momentum q in crystalline silicon 
gives rise to a single line at ω = 520.5 cm-1 with a natural line width of roughly 3.5 cm-1 at room 
temperature. For amorphous silicon all transitions are optically allowed due to a wide array of bond 
angles, energies and lengths which causes a much broader prominent hump centered at 480 cm-1. This is 
caused by the loss in long range order in amorphous silicon. A clear difference can therefore easily be 
observed for the two types of silicon [39]. 
 
Reducing the size of the silicon sample to nanometers causes significant changes in the Raman data. Due 
to phonon confinement, stress and strain the Raman spectra become altered compared to spectra of 
bulk material. This effect is especially noticed when the phonon mean free path is larger than the 
particle size. The effect of this is that the phonon selection rule for crystalline silicon will not hold 
anymore. The result is a red-shift and broadening of the Raman peak which is related to the size of the 
nanoparticles. This broadening and shift starts occurring when particles sizes become smaller than 20nm 
[40]. 
 
When spherical microcrystals are considered [41], the asymmetric line shape of the first-order Raman 
spectrum is given by: 
 

     𝐼(𝜔) = ∫ exp (−𝑞2𝑑2 4)𝑑3𝑞⁄
[𝜔0−𝜔(𝑞)]2+(Г 2)⁄ 2

1
0            (3.4) 

 



31 
 

where ω0 = 520.5 cm-1, d the crystallite size, q is equal to 2𝜋/𝑎0 with a0 the lattice constant of silicon 
which is 0.5483nm. Г is the line width of the phonon in crystalline silicon which is roughly 3.6 cm-1. The 
size dependent shift for silicon nanoparticles can now be calculated and is plotted in Figure 16. The solid 
line denotes the latest model prediction while experimental results are added for comparison. 
 
The figure shows a decrease in the crystalline silicon peak position for smaller particles where significant 
shifts are observed when the particle size becomes smaller than 10 nm, which is the size at which 
quantum confinement effects are starting to play a role.    
 

 
Figure 16 Size dependent shift of the Raman peak position for silicon nanocrystals. The solid line results from the theoretical 
model while the symbols represent experimental data and older models [86]. 

 
A lot of valuable information about the nanoparticles can be obtained from Raman analysis as was 
discussed previously. A typical Raman spectrum for a typical silicon nanoparticle sample is presented in 
Figure 17.  
 
The spectrum is fitted with a total of three Lorentzian functions. Two peaks are used to capture the 
crystalline region while one peak was used to fit any amorphous contribution that is still present. Due to 
the spread in size of the particles and the size dependent Raman shift, the two peaks for crystalline 
silicon correspond to relatively small (<20nm) and big particles. This spread in particle sizes will be 
confirmed later with electron microscope images. The big particles do not exhibit any red-shift and act 
as bulk silicon while the smaller particles result in a red-shift of the Raman spectrum.  
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Figure 17 Raman spectrum for a sample deposited with 10 sccs of Silane in 20 sccs Argon. The amorphous and crystalline 
regions are fitted with three Lorentzian functions.  

 
A calibration measurement is performed with a bare silicon wafer to obtain any shifts caused by 
machine errors. From this, the peak position and width are determined with a Lorentzian fit. These 
values are then used for fitting the peak for the bigger particles where a fixed position and width are 
used since particles with sizes of 20 nm and larger act as bulk silicon.  
 
For the amorphous fraction a broad Lorentzian peak centered at 480 cm-1 was used. The full width at 
half maximum (FWHM) was roughly 90 cm-1. The second-order acoustic phonon mode from silicon 
appears as a small peak at 302 cm-1. Another peak from amorphous silicon is visible at 150 cm-1 which is 
a transverse acoustic mode. These peaks will not be further analyzed as they contain no additional 
information for the present study. 
 
Measurements were done with a Renishaw inVia Raman system with a 514nm laser and CCD detector. 
The laser power was reduced to 0.125 mW (0.5% of the full laser power) to ensure that particles 
properties are not affected by the focused high power laser light. Higher laser power can result in 
crystallization of the particles and would therefore manipulate the results. A range of 100 to 700 cm-1 is 
scanned with an acquisition time of 60 seconds and a total of 4 accumulations to improve the signal to 
noise ratio. Both glass and silicon substrates were used to determine the influence of the substrates on 
the measurement. It was found that the used deposition time resulted in a thick enough film for Raman 
and no substrate peaks were observed.  
  



33 
 

3.4 X-Ray Diffraction 
 
Information about the crystalline structure of a sample can be acquired by using the non-destructive X-
ray Diffraction (XRD) technique. This method can also be used for strain, grain size, film thickness and 
defect analysis. Figure 18 shows an overview of the basic elements of a XRD experiments: 
 

 
 

Figure 18 Schematic illustration of the main components of a X-ray diffraction setup. X-rays are generated and a parallel 
beam is formed. The beam hits the sample at a specific angle and the reflected beam enters a detector [46]. 

 
X-rays with a wavelength of 1.54Å (Cu Kα radiation) are gen erated in the X-ray source. The X-rays are 
transmitted through a slit to create a parallel beam and hit the sample with an angle of θ which is 
followed by a reflection back to the detector. The atomic planes of a crystal cause an incident beam of 
X-rays to interfere with one another as they leave the crystal again. This is shown in Figure 19 for both 
constructive and destructive interference. During the measurement both the sample holder and the 
detector are rotated with an angle of θ and 2θ respectively. The atomic plane spacing can now be found 
by applying Bragg’s law: 
 
      𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃            (3.5) 
 
with λ the wavelength of the X-ray, d the spacing between the lattices and θ the angle of incidence.  
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Figure 19 Constructive and destructive interference of the x-ray beam when it hits the sample. The type of interference is 
determined by the angle of incidence and distance between crystal planes [82].  

 
The resulting graph shows a series of peaks for each atomic plane. These are delta peaks in the ideal 
case at specific angles which corresponds to specific lattice planes. This is however only in the ideal case 
where an infinitely large crystal is used and the X-rays are exactly parallel. This would cause a very 
intense peak when the Bragg condition is satisfied and destructive interference for all other angles.  
 
However, samples and especially nanoparticles have a lot of imperfections which cause broadening of 
the peaks. The small size and edges of the nanoparticles significantly decreases the number of Bragg 
planes. Therefore the chance of complete destructive interference is reduced resulting in a much 
broader diffraction peak compared to the ideal situation.  
 
This broadening can be used to calculate the average size of small particles when they reach sizes of less 
than 200nm. This is done by applying the so-called Scherrer’s formula [47]: 
 

      𝜏 = 𝐾𝜆
𝐵𝑐𝑜𝑠𝜃𝐵

            (3.6) 

 
In this formula the size of the nanocrystals is described with τ, λ is the wavelength of the X-rays, B is the 
full width half maximum of the diffraction peak, K is the Scherrer’s constant which is roughly 0.9 for 
nanoparticles and θB the Bragg angle [48]. From equation (3.6) it follows that smaller particles will result 
in broader peaks. However, the XRD system itself can also cause broadening due to for example a XRD 
beam which is not perfectly parallel. This can be checked by measuring a well known sample which 
contains well oriented crystal planes such as a silicon wafer.  
 
Two different XRD systems were used in this study. The results in chapter 5 were produced with a 
Siemens Kristalloflex 810 while chapter 6 presents results made with a PANalytical X’Pert Pro X-Ray 
diffractometer. A 2θ-range of 10 to 60 degrees was scanned for each sample. This covers the three main 
peaks of crystalline silicon nanoparticles, corresponding to the (111), (220) and (311) orientations at 28, 
48 and 56 degrees respectively. Amorphous silicon will result in two broader peaks centered at 27 and 
51 degrees.    
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3.5 Transmission Electron Microscopy 
 
Microscopes have seen a large improvement in the last century. However, the theoretical maximum 
resolution d has been limited by the wavelength of the photons that are used to probe the sample. This 
resolution can be expressed with the following equation: 
 

      𝑑 = 𝜆
2𝑛 𝑠𝑖𝑛𝛼

≈ 𝜆
2𝑁𝐴

           (3.7) 

 
with λ the wavelength of the photos and NA the numerical aperture. Electrons have both wave and 
particle properties and can therefore also be used for optical imaging. The wavelength of electrons is 
found with the following expression: 
 

                                                                         𝜆𝑒 ≈
ℎ

�2𝑚0𝐸�1+
𝐸

2𝑚0𝑐2
�
                                                      (3.8) 

 
where h is Planck’s constant, m0 the rest mass of an electron, c the speed of light and E the energy of the 
accelerated electron. This wavelength is significantly smaller than the wavelength of visible light which 
results in a much higher resolution.   
 
An image is created by focusing the electrons on a single point of the sample that is being studied. A 
fraction of the electrons is absorbed or deflected while others are transmitted through the sample and 
hit the phosphorus screen at the other side of the sample. An image can now be formed by the ‘shadow’ 
that the sample creates [49]. 
 
The silicon nanoparticles are deposited on so-called TEM grids which have a diameter of 3 mm and a 
mesh size of 1-100 µm and are made out of copper. The electron beam can therefore pass through the 
mesh and an image of the silicon nanoparticles can be created. Also information about the crystal planes 
can be obtained by using high resolution transmission electron microscopy (HRTEM). Instead of using 
the amplitude of the electron beam, an image is formed from interference of the electron wave with 
itself.   
 
Selected Area Electron Diffraction (SAED) can also be applied to the sample. When crystalline samples 
are used, the diffraction pattern will consist of individual spots caused by the periodic structure of the 
sample. This will form a sort of diffraction grating which scatters the electron in a predictable way since 
the electrons demonstrate wave-like behavior when they pass through the sample.  
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3.6 Photoluminescence 
 
Photoluminescence spectroscopy (PL) is a non-destructive method to detect “photo-emitted” light from 
matter. The first step in obtaining a spectrum is the illumination of the sample with high energy light 
with a constant wavelength. A laser is commonly used for this purpose due to the monochromatic and 
high intensity light. Charged carriers are now excited to higher energy excited states by the high energy 
photons, followed by nonradiative relaxation to the conduction band. The electron in the conduction 
band can subsequently recombine with a hole in the valence band. If this recombination mechanism is 
optically-active, a photon will be emitted with an energy which is equal to the energy difference 
between the two bands. This light is detected and information about the band gap and recombination 
processes is acquired. The whole process is schematically shown in the following figure: 
 

 
Figure 20 Photoluminescence process where a photon excites an electron to an excited state followed by subsequent decay 
to the conduction band. A photon is then emitted when the electron returns to the valence band where the energy of the 
photon is equal to the band gap energy [83].  

 
Photoluminescence can therefore be used to study the band structure of a material but also the level of 
impurities and defects of a sample. For silicon nanocrystals, the photoluminescence signal gives 
information about the size and size distribution of the particles if the emitted photons are caused by 
radiative recombination. This follows from the size dependent energy levels for quantum confined 
systems, as was discussed in Chapter 2. A smaller size will result in a blue-shift of the luminescence 
spectrum which is caused by the larger band gap energy for smaller sized particles as can be seen from 
equation (2.4).  
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The luminescence spectrum also contains information about the size distribution of the nanoparticles. A 
bigger spread in particle size will give a broader luminescence signal due to the larger difference in 
particle size and band gap energies.  
 
Post-processing of the silicon nanoparticles can strongly enhance the photoluminescence signal. 
Dangling bonds on the surface of the nanoparticles act as non-radiative recombination sites which 
significantly reduce the photoluminescence of the particles. These dangling bonds are already created 
during deposition of the particles and cannot be avoided. They are caused by surface termination 
defects and for silicon nanoparticles they consist of silicon atoms with one or more “open” bonds. By 
post-processing of the nanoparticles these dangling bonds are “filled” and this reduces the number of 
non-radiative recombination sites. Intensity of the signal therefore correlates to the amount of defects 
of the sample. When many non-radiative recombination sites are present, the intensity of the PL signal 
will significantly decrease. Exposing the particles to air will already passivate the particles surface with a 
native oxide. However, the passivation quality is very low and not controllable. A more detailed 
description of passivation methods can be found in chapter 2. 
 
Since the band gap of the silicon nanoparticles is dependent on the diameter of the nanoparticles, the 
photoluminescence signal gives information about the size of the particles. A size distribution of the 
particles can be calculated by converting the intensity at certain emission energy to the size of the 
particle. This can be done for silicon by using the following equation [66, 67]:  
 

     𝐸(𝑑) = 𝐸𝑔,𝑆𝑖 + 3.73
𝑑1.39            (3.9) 

 
This can then be converted to calculate the size of the particles from the band gap energy: 
 

     𝑑 = � 3.73
𝐸(𝑑)−𝐸𝑔,𝑆𝑖

�
1
1.39�

          (3.10) 

 
where E(d) is the energy for particles with a certain diameter d and Eg,Si the band gap energy of 
crystalline silicon which has a value of 1.12 eV. The energies of the emitted photons are now used as E(d) 
in equation (3.10) and this results in a size distribution of the particles.  
 
Time-resolved photoluminescence uses a similar excitation method but in this case a pulsed laser is used 
instead of a continuous source. The sample is excited and the subsequent decay of the 
photoluminescence signal is measured as a function of time. This gives information about the lifetime of 
the excited species in the sample. Lifetimes can be obtained by fitting the decay data with one or 
multiple exponential functions, depending on the amount of transitions that occur. In general this can 
be expressed as: 
 
     𝐼 = 𝐼0 + ∑ 𝐴𝑖exp (−𝑡 𝜏𝑖)⁄𝑖          (3.11) 
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with I the measured intensity after time t, τi the lifetimes and the constants Ai and I0. The number of 
separate lifetimes depends on the amount of different recombination mechanisms. Difference in 
recombination on the edge and in the bulk might also play a role in this behavior. 
 
Instead of using multiple exponential functions, a single stretched exponential function can be applied. 
This often gives better results for samples with broad size distributions as this also gives a radiative 
decay distribution. The following general equation is used as a fitting function: 
 

                                                                    𝐼 = 𝐴exp �−(𝑡 𝜏)⁄ 𝛽�                                                           (3.12) 

 
This contains the constants A and β, the time t and lifetime τ. Since it is often unknown beforehand 
which function gives the best fitting results, both the stretched and multiple exponential functions 
should be applied to the photoluminescence result. By comparing both fitting results the best function 
should be selected.  
 
Photoluminescence measurements in this study were performed by exciting the samples with the 
334nm line from a continuous wave Argon laser. The angle between excitation and the detection optical 
axis is 90 degrees. The luminescence was detected with a glass fiber which is connected to a triax 550 
monochromator. This is equipped with a back connected liquid nitrogen cooled CCD containing a 2 mm 
slit. Calibration of the setup for spectral response was performed by using a Tungsten Halogen lamp 
(75W, Oriel). 
 
Time dependent measurements were done using a 334 nm laser (Nd:YAG and OPO system) with 7ns 
pulses and a 100 Hz repetition rate in a low excitation regime (10 µJ in pulse). Luminescence was again 
detected by a UV fiber, connected to a spectrometer coupled to a water cooled Hamamatsu R9110 
photomultiplier.  
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4. Silicon nanoparticle production methods 
 
The increasing interest in silicon nanoparticles has resulted in several different production methods. This 
chapter presents and compares the most commonly used methods for silicon nanoparticle production. 
Each method has its own advantages and disadvantages and can be used for production of particles with 
specific properties. First conventional methods are discussed which is followed by both an existing and a 
novel plasma processing technique for silicon nanoparticles production.      
 

4.1 Solution based precursor reduction 
 
Solution based procedures involving precursor reduction have been an attractive and widely studied 
production method. It has the advantage that size and surface chemistry can be controlled 
simultaneously. It also provides relatively large sample sizes and scaling up of the technique is easy. 
 
One of the earliest strategies was reported in 1992 where sodium dispersion was used to reduce SiCl4 
and RSiCl3 at 385°C and pressures of over 100 atm for 3 to 7 days [64]. The reaction can be seen in the 
following equation: 
 

                           𝑆𝑖𝐶𝑙4 + 𝑅𝑆𝑖𝐶𝑙3   
𝑠𝑜𝑑𝑖𝑢𝑚 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�   𝑆𝑖 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 +𝑁𝑎𝐶𝑙                             (4.1) 

 
 
Particles with a size of 2 to 9 nm were produced and filtered from the solution. Recent developments 
resulted in new reaction pathways and smaller particles with very narrow size distributions [65]. Efficient 
blue light emitting particles were also realized with this technique.  
 
However, producing these small particles is time consuming. Hours to even days are required to produce 
enough nanoparticles. The particles are also dispersed in a solution making it more difficult to collect 
and passivate the nanoparticles.  
 

4.2 Pulsed laser ablation 
 
Laser ablation is a technique to evaporate matter from a solid substrate by irradiating it with a laser 
beam. This technique can be used to create high-purity nanoparticles with small sizes. The laser 
irradiation causes vaporization of the target material and as a result dense vapor develops above the 
surface of the target.  
 
For the case of silicon nanoparticles a rotating target which contains silicon powder is used. The vapor is 
rapidly converted into plasma due to ionization of the vapor by interaction with the laser beam. 
Adiabatic expansion of the vapor plume now pushes the background gas away. Formation of nuclei and 
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growth into nanoparticles is started once the temperature and pressure of the expanding plume 
decreases, followed by deposition of the particles on a nearby substrate. A schematic overview of a 
typical laser ablation setup can be seen in Figure 21. 
 
It is important to have a residual neutral gas to affect and control the growth procedure. The 
nanoclusters cool down under collisions with gas molecules or atoms. The nanocluster growth process 
can therefore be controlled by varying the pressure of the ambient gas. Helium and argon are often 
used as a background gas. Other parameters that affect particle size are the pulse duration and the 
wavelength of the laser light.  
 
This production method allows the production of silicon nanoparticles with high purity and small 
particles with narrow size distributions can be realized. However, the deposition rate is still low and 
scaling up of the method is difficult [57, 58]. 
 

 
Figure 21 Overview of a laser ablation setup where a laser beam is focused on a rotating target, causing evaporation of the 
material followed by deposition on the substrate [85].  

 

4.3 Sputter deposition 
 
Sputtering is a deposition method that uses ion or atom bombardment to eject or “sputter” material 
from a target. The first step is the creation of ions which can be done with a plasma or an ion source. 
These ions are subsequently accelerated towards a target containing the species that needs to be 
deposited. Individual atoms, clusters of atoms or molecules are eroded from the target by the ions and 
will travel in a straight line until they hit a substrate. A conformal film will now form on the substrate. 
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This method can be applied to create small silicon nanoparticles with a well defined size. By sputtering 
or chemical vapor deposition of silicon rich layers, combined with layers of silicon oxide, aluminum oxide 
or silicon nitride, a superlattice is created. By subsequent heating of the deposited multilayer’s, phase 
separation, nucleation and finally crystallization of the silicon nanocrystals will occur. Typical 
temperatures for this process are 900-1100 °C for one or more hours.  
 
Sizes of the nanoparticles can be controlled by changing the chemical stoichiometry and thickness of the 
individual layers. Smaller nanoparticles are typically produced when the silicon dose is reduced or the 
oxide enrichment is increased. Smaller particles can also be produced by applying thinner layers but this 
will also simultaneously reduce the number density of the particles.  
 
Since the nanoparticles are created in a matrix, it limits the applications in which they can be used as 
they cannot be removed from this matrix. However, the matrix can also function as a good passivation 
layer for the particles. Examples are particles incorporated in a SiO2 or Al2O3 matrix which already 
decreases the number of dangling bonds.  
 
Another disadvantage of this method is the requirement of post-treatment to create small and 
crystalline particles which is a time and energy consuming process. Annealing temperatures of up to 
1100°C are often required for several hours [55, 56]. 
 

 
Figure 22 A schematic overview of a sputter deposition system. Positively charged argon ions hit the target from which 
atoms are ejected. These stick to the substrate where a film will form [91]. 
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4.4 Non-thermal Plasma particle fabrication 
 
A plasma is called non-thermal when the electrons have a temperature of 20.000-50.000K (or roughly 2 
to 5ev) while the gaseous atoms and ions are close to room temperature. Therefore the electrons are 
significantly hotter than the atoms and ions. Silicon nanoparticles can be produced in this plasma by 
creating an argon/silane plasma in which the particles are formed. 

 
The following figure shows a schematic overview of the 
non-thermal plasma reactor used by Kortshagen et al and 
a photograph of the plasma in the tube during operation. 
A mixture of argon and silane enters the tube from the top. 
Two copper ring electrodes are connected to the quartz 
tube and a radio-frequency power of 10 to 50W at 13.56 
MHz is applied. This creates an intense plasma which 
extends from the electrodes to the grounded plates. A 
much dimmer plasma can be seen in the upstream region.  
 
The high mobility of the electrons compared to the ions 
causes negatively charged particles. This strongly 
suppresses particle agglomeration due to the repulsive 
forces resulting from the negative charges. This is a major 
advantage compared to other techniques since this forms 
smaller particles with a narrow size distribution [50-52]. 
 
There are several parameters that affect the size and 
crystallinity of the nanoparticles. One of the most 
important ones is the residence time which is mainly 
affected by the pressure in the chamber and tube but also 
the flow rates of the used gasses. A longer residence time 
will give the particles more time to react and grow and will 
therefore in general result in larger particles. Typical 
residence times are 5 to 10 ms. 

 
Also the spacing between the electrodes and the distance from the electrodes to the chamber is 
important as this influences the coupling of the plasma. This mainly affects the crystallinity of the 
particles. When these parameters are kept constant, particles with a small size and size distribution can 
be created while crystallinity can be affected by changing the rf power that is supplied to the electrodes.  
However, changing the particle size while maintaining crystalline particles has proven to be very difficult 
as all the particles grow at the same rate due to confinement in the tube. While amorphous particles 
with a broad range of sizes can be produced, only a specific crystalline window is present which creates 
particles with a set diameter.  

Figure 23 The non-thermal plasma setup which 
consists of a quartz tube with two electrodes. Gas 
flows through the tube and rf power is supplied to 
the electrodes, generating a plasma in which 
nanoparticles are formed [31]. 
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The narrow size distribution can be observed in the following figure. It shows a typical size distribution 
and crystalline particles with an average size of 4 nm are produced. Further reduction of the size has 
proven to be difficult. The non-thermal plasma production method has been used at the Colorado 
School of Mines to characterize the particles with ATR-FTIR, as will be discussed in Chapter 5. 
 

 
Figure 24 Typical size distribution for particles produced with a non-thermal plasma. Small particles with well defined sizes 
can be produced [72]. 

 

4.4.1 Silicon nanoparticle formation 
 
Silicon nanoparticles in silane plasmas are primarily formed by successive reactions of anions with silane 
molecules [27-28]. Particle formation starts from the anions SiH3

- and SiH2
- which are formed through the 

electron induced dissociative attachments of SiH4: 
 

    𝑆𝑖𝐻4 + 𝑒− → 𝑆𝑖𝐻𝑥− + 𝐻4−𝑥  (𝑥 = 2,3)           (4.2) 
 
SiH3

- is the dominant negative ion and can undergo the following anion-molecule chain reactions: 
 

  𝑆𝑖𝐻3− + 𝑆𝑖𝐻4 → 𝑆𝑖2𝐻5− + 𝐻2,   
 

                               𝑆𝑖2𝐻5− + 𝑆𝑖𝐻4 → 𝑆𝑖3𝐻7− + 𝐻2,                                                      (4.3) 
     .       
      .    

     𝑆𝑖𝑛𝐻2𝑛+1− + 𝑆𝑖𝐻4 → 𝑆𝑖𝑛+1𝐻2𝑛+3− + 𝐻2  
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This leads to the formation of larger silyl particles. A similar sequence can occur for SiH2
-: 

 
   𝑆𝑖𝐻2− + 𝑆𝑖𝐻4 → 𝑆𝑖2𝐻4− + 𝐻2,    

 
     𝑆𝑖2𝐻4− + 𝑆𝑖𝐻4 → 𝑆𝑖3𝐻6− + 𝐻2,                                                     (4.4) 

    .              
    .               

                                                                  𝑆𝑖𝑛𝐻2𝑛− + 𝑆𝑖𝐻4 → 𝑆𝑖𝑛+1𝐻2𝑛+2− + 𝐻2                     
 
 
Both reactions have a rate constant of 10-18 m3 s-1. The formation of particles stops when they are 
ejected from the plasma [29-30]. Therefore, the residence time in the plasma is one of the most important 
parameters for particle growth. Typical residence times are in the milliseconds range. Since the particles 
are charged, confinement in the plasma can extend this residence time. Small particles are therefore 
trapped in the plasma and keep growing until drag forces from the gas become important.   
 
These reactions however do not explain the formation of crystallites. Temperatures of roughly 800 K are 
required to crystallize the particles. These temperatures can only be obtained locally due to the 
recombination of free electrons and ions on the particles surface. This contributes to temperatures that 
are locally significantly higher than the surrounding gas. To verify this, a simple energy balance for the 
nanoparticles in a plasma can be considered: 
 

    4
3
𝜋𝑟𝑝3𝜌𝑐

𝑑𝑇𝑝
𝑑𝑡

= 𝑄𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 − 4𝜋𝑟𝑝2𝑞𝑘          (4.5) 

 
with rp the particle radius, ρ the density and c the specific heat of the silicon nanoparticles. The left-hand 
side relates the change in temperature to the particle internal energy. On the right-hand side the 
important heating term is include with: 
 
     𝑄𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝜈+𝜀𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛           (4.6) 
 
This describes the heating of the particles with the recombination of ions and electrons at the surface of 
the particle. The frequency of the recombinations is ν+ and an energy burst εionization is giving to the 
particle. This is on the order of the ionization energy of argon which is 15.76 eV. While Hydrogen 
recombination could also play a role, it is expected that due to the abundance of argon ions in the 
plasma this is the most important pathway for heating. 
 
A heat loss term by Knudsen conduction is also incorporated on the right-hand side with qk the Knudsen 
heat flux. The equation requires knowledge about the plasma density and the gas temperature to obtain 
the particle temperature. When a plasma density of 1011 cm-1 and a gas temperature of 300K is used the 
temperature development can be simulated with equation (4.5). The result can be seen in the figure 
below: 
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Figure 25 Particle temperature fluctuations over time due to recombination of ions and electrons on the surface of the 
nanoparticle. High temperatures are reached for small particles which is sufficient for particle crystallization [31]. 

 
Large fluctuations are observed in the temperature of small particles. The small heat capacity of the 
particles causes a big increase in temperature when recombination occurs which is also observed in 
Figure 25. This is followed by an exponential decay of the temperature caused by the Knudsen 
conduction. Only small particles are able to reach high enough temperatures to crystallize. It is therefore 
assumed that once a small crystalline particle of a few nanometers is formed, surface growth can lead to 
the formation of larger crystallites [89].    
 

4.5 Expanding Thermal Plasma 
 
A novel way of producing nanocrystals is realized by using a so-called expanding thermal plasma (ETP). 
This technique has so far never been applied for silicon nanoparticles but has great potential as will be 
demonstrated in this study. An important feature of the ETP is that it is a remote plasma. This means 
that the position where the plasma is created is separated from the position where the plasma is 
actually used. A large difference in pressure between the two areas makes sure that the plasma source 
is not affected by the downstream plasma or reactor conditions. 
 
A cascaded arc is used as the plasma source and a non-depositing gas such as Argon or Hydrogen is 
flown through it with a high flow rate of tens of sccs (Standard Cubic Centimeters per Second). The 
current can be varied from 10-60 A with a voltage of roughly 100V, depending on the used gases. Three 
cathodes and a grounded anode create the plasma in a narrow plasma channel with a diameter of 4 mm. 
The cascaded plates are insulated from each other and lead to a gradual potential drop. The cathodes, 
anode and cascaded plates are water cooled. Figure 26 shows a schematic overview of the arc and a 
typical expanding thermal plasma setup: 
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Figure 26 Schematic overview of the cascaded arc, which is used for generate of a plasma, and an expanding thermal plasma 
setup. Non-depositing gases are flown through the narrow channel of the cascaded arc. Three cathodes and an anode create 
the plasma which expands through the nozzle into the chamber [84].   

 
Typical pressures for the plasma source and the vacuum chamber are 300 mbar and 1.0 mbar 
respectively. The large difference in pressure causes a supersonic expansion of the plasma into the 
vessel, followed by a shock after a few centimeters from which the plasma will continue to flow at 
subsonic speeds of roughly 500 m/s. By changing the pressure in the vessel the plasma beam shape of 
the expanding plasma can be affected where an increase of the chamber pressure will result in a more 
confined plasma beam.   
 
A thermal plasma is initially created with an electron density of 1022 m-3 and an electron and ion 
temperature of roughly 1 eV. These high temperatures lead to an almost full dissociation of the injected 
gasses. When the plasma enters the low pressure chamber through the nozzle, the electron 
temperature and density drop to 0.1 – 0.3 eV and 1017 – 1019 m-3 respectively [53, 54]. 
An injection ring for precursor gases is located a few centimeters from the cascaded arc outlet while a 
substrate holder is located at the back of the vessel, roughly 50 centimeter from the outlet. The 
precursor gas is now dissociated by the reactive species which are generated in the plasma source and 
particles are deposited on a substrate which is placed on the other side of the reactor.  
 
The rapid expansion of the plasma into the vacuum chamber causes a flow pattern in the chamber. This 
can be seen in Figure 27 together with the temperature distribution [87]. The flow pattern is calculated 
with Monte Carlo simulations.  
 
The calculated flow pattern shows a strong recirculation cell close to the wall of the reactor. This might 
be an issue for silicon nanoparticle production since particles that are present in these cells have a much 
longer residence time compared to particles in the main plasma jet and therefore have more time to 
grow in size. The result is a broad range of residence times which could lead to a much bigger spread in 
particle sizes. A more detailed description of the used setup will be given in Chapter 6.  
 

Gas inlet 

Cathode (3x) 

Nozzle 
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Figure 27 Flow pattern and temperature distribution for a typical expanding thermal plasma setup where an argon plasma 
expands into the vacuum vessel. The flow pattern is obtained with Monte Carlo simulations. Five regions are visible: I) 
Supersonic expansion, II) subsonic expansion, III) hot part of the background, IV) cold background, V) background 
downstream in the reactor [87].  
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4.6 Silicon nanoparticle production overview 
 
Now that the most important production methods have been discussed, an overview can be made in 
which several aspects of the discussed production methods are compared. This is done in the following 
table: 
 
Table 2 Comparison of the most common production methods for silicon nanoparticles. Three signs are used to indicate the 
performance of the methods in a particular area where √ is good, O is reasonable and X is bad. 

 
 
The table shows that all conventional techniques are able to produce small particles with good size 
distributions which is the result of a lot of research and optimization of the technique. Size control can 
be more difficult and therefore some techniques are only able to produce particles with a single specific 
size. The expanding thermal plasma is a novel production method and therefore particle size control and 
size distributions are still areas that need to be improved as will be shown later.  
 
However, the major advantage is that the technique can be easily scaled up and production speeds are 
very high as will be shown later. Since large quantities of free standing particles are needed for use in 
applications, these are two important properties which cannot be achieved by other techniques due to 
fundamental issues. The setup offers a lot of freedom in modification of the particles, such as 
passivation which can be done in the chamber itself. The particles are also free-standing and can 
therefore be used for many applications.    

 Particle 
size 

Size 
distribution 

Size 
Control 

Production 
speed Up scaling Passivation Free 

standing 

Solution based √ √ √ X O O X 

Laser ablation √ √ O X X X √ 

Sputtering √ √ √ X X √ X 

Non-Thermal 
Plasma √ √ X X X √ √ 

Expanding 
Thermal Plasma O X X √ √ √ √ 
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5. In situ ATR-FTIR on silicon nanoparticles 
 
Due to the high area to volume ratio of the silicon nanoparticles, oxidation occurs instantaneously when 
particles are in an oxygen or moisture environment. This oxidation is so severe that particles can heat up 
significantly and even catch fire. The result of the oxidation is that the particle core will shrink over time 
and an oxide shell forms around the particles. As a result of this a considerable change in particle 
properties will occur.  
In this chapter silicon nanoparticles are studied with in situ ATR-FTIR. The particle structure and bonds of 
the as-deposited and modified particles can now be measured in an oxygen free environment. This is 
followed by the analysis of surface modified particles. Several ex situ measurements are also performed 
to gain more information on the properties of the particles deposited with a non-thermal plasma setup. 
Experiments for this chapter have been performed in the group of Prof. Sumit Agarwal at the Colorado 
School of Mines.    

5.1 In situ ATR-FTIR setup 
 
Figure 28 shows the reactor and optical setup used to perform the in-situ ATR-FTIR measurements. It 
consists of a high vacuum chamber with a base pressure of 10-7 Torr. This is achieved by using a turbo 
pump which ensures a clean chamber in which impurities are strongly reduced. A sample holder with 
the ZnSe ATR-crystal attached to it is placed in the center of the chamber. The holder can be heated to 
temperatures of up to 250°C. A silicon wafer can also be added to the sample holder for longer 
depositions which are required for XRD and photoluminescence measurements.  
 

 
Figure 28 Overview of the in situ ATR-FTIR setup. An ATR crystal is placed on a substrate holder in the high vacuum chamber. 
Silicon nanoparticles are deposited directly on the ATR crystal with a non-thermal plasma. The infrared beam is focused on 
the sides of the crystal with an optical setup and falls on a MCT-A detector after passing through the crystal. The inductively 
coupled plasma source is used for cleaning of the crystal with a SF6 plasma.  
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A very basic non-thermal plasma source is attached to the chamber for deposition of silicon 
nanoparticles as was previously discussed in Chapter 5. A 90 second nanoparticle deposition on the ATR-
crystal is already sufficient and gives a significant FTIR signal due to the multiple internal reflection of 
the infrared beam in the crystal. A schematic overview of the plasma source can be seen in the following 
figure:  
 

 
 

Figure 29 The non-thermal plasma setup for creation of silicon nanoparticles. An argon/silane gas mixture is flown through 
the quartz tube. Two electrodes create a plasma which forms the silicon nanoparticles. The crystallinity is varied by changing 
the power supplied to the electrodes while other parameters are kept constant.   

 
A quartz tube with an outer diameter of 3/8 inch and inner diameter of 1/4 inch is attached to the 
reactor with a conflat flange. 275 sccm of argon is mixed with 1.4 sccm silane and is flown through the 
tube. The typical pressure in the chamber during depositions is 75 mTorr and remains constant.  
Two electrodes are placed over the tube which is connected to a rf power supply via a matching 
network. The matching network is used to maximize power transfer and reduce reflections from the 
load. Power is varied between 5 and 40W, depending on what type of particles are required. Matching 
settings are optimized before each deposition by using a pure argon plasma to be sure that the particles 
are deposited at the right power.  
 
The distance between the electrodes is kept constant at 3 cm and the electrodes are placed 5 cm from 
the metal conflat flange. With these spacings the plasma will also couple to the metal flange on the right 
side of the tube, causing a bright upstream plasma. Changing the spacing will influence the coupling of 
the plasma and therefore has a big impact on the crystallinity of the deposited particles. 
 
Deposition on the side wall of the quartz tubes is removed with a Potassium Hydroxide (KOH) solution.  
The quartz tubes are cleaned by leaving them in the KOH solution for several hours, followed by a rinse 
with deionized water and blow drying with nitrogen. The tube is replaced after every deposition to 
ensure constant deposition conditions.  
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Cleaning of the crystal and the chamber is done with a Sulfur Hexafluoride (SF6) plasma which is 
generated in the Inductively Coupled Plasma (IC Plasma) source. A 3 minute exposure removes the 
remaining deposition on the crystal after which a new deposition can take place. The removal of silicon 
is also monitored with FTIR to ensure that the crystal is fully cleaned. A flow rate of 10 sccm and a rf 
power of 100W were used to create the SF6 plasma. Argon and SF6 are introduced in the chamber with a 
mass flow controller. A silane/argon mixture is feed through the plasma source where flow rates are 
controlled with a needle valve. Accurate flow rates are determined by observing the pressure increase 
with a pressure gauge after introduction of the gasses.  
 
A Thermo Scientific Nicolet 6700 spectrometer was used to produce an infrared beam which enters the 
chamber after being deflected by a flat mirror and a focusing parabolic mirror. KBr windows are used on 
the reactor since it is transparent to infrared radiation up to wavenumbers of 400cm-1. The beam is 
focused on the angled side of the crystal and total internal reflection occurs in the crystal. A total of 25 
reflections on the bottom and top of the crystal take place in the crystal before the beam exits. The 
trapezoidal ZnSe crystal has a size of 50 x 10 x 1 mm3 with its short faces beveled at 45°. The beam exits 
the crystal and is converted to a parallel beam by using a plano-convex lens. This parallel beam is now 
focused with another parabolic mirror on the liquid nitrogen cooled Mercury Cadmium Telluride (MCT-A) 
detector where the signal is subsequently transferred to the OMNIC software. The full optical setup is 
covered with a box which is purged with purified air to reduce the CO2 and water content. This gives a 
much cleaner spectrum and strongly reduces noise in the FTIR spectrum. 
 
Silicon nanoparticles are deposited directly on the ATR-crystal and/or silicon wafer. A 90 second 
deposition is sufficient for ATR-FTIR analysis of the particles while XRD and Photoluminescence require 
depositions of 30 to 45 minutes to gather enough powder on the substrate. A background spectrum is 
taken before each deposition takes place which also shows if there are any impurities in the chamber 
remaining. The background is subtracted after the actual measurement and therefore only the signal 
from the nanoparticles is visible in the spectrum. For the oxidation and alkene experiments a second 
background is taken after the deposition of the particles. The change in particle structure can then be 
seen more clearly as only the change caused by oxidation and alkene reactions are displayed.  
 
Experiments on alkene exposure require a pump down of the chamber before a spectrum is taken to 
remove the alkenes in the chamber. Otherwise chemical bonds from the alkene gas itself are also visible 
in the spectrum while only the alkene coverage on the silicon surface is wanted. The particles are 
deposited on the ATR-crystal which is heated up to 160°C to start and speed up the reaction of the 
alkenes with the silicon particles. A container with liquid alkenes is attached to the chamber and the 
vapor pressure is sufficient to introduce enough gas in the chamber. A needle valve is used to control 
the flow rate and the pressure readout is used to determine the actual flow rate of the alkene gas.  
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5.2 Results 

5.2.1 Transmission Electron Microscopy analysis 
 
Transmission Electron Microscopy images of particles deposited at 40W are presented in the following 
figures. The particles are deposited on TEM grids with deposition times of less than one minute. The 
total amount of deposition is kept low to be able to see the individual particles. If too many particles are 
deposited the transmission is significantly weakened.  
 

 

 
Figure 30 Transmission electron microscope images of small nanoparticles deposited at 40W. The electron diffraction pattern 
is also shown.  

The first figure shows islands of nanoparticles clustered together. When further magnification is used 
the individual particles can be distinguished. Two individual particles are highlighted with a diameter of 
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5.8 and 7.1nm respectively. Only particles with sizes smaller than 10 nm were observed. The TEM 
images clearly show the lattice fringes of the two particles which indicates that the particles are fully 
crystalline. This is also confirmed by the selected area electron diffraction pattern which shows distinct 
points, corresponding to crystalline particles. The individual spots are caused by the periodic structure of 
the crystals which acts as a diffraction grating, leading to scattering of the electrons in a predictable way.   

5.2.2 X-ray Diffraction 
 
To determine the effect of the applied rf power on the crystallinity of the nanoparticles, XRD was used 
to analyze the particles. A 2θ range from 20 – 60 degrees was scanned with an integration time of 8 
seconds and a step size of 0.05 degrees. Particles were deposited for 45 minutes to ensure enough 
powder on the silicon wafer.  

 
Figure 31 Development of the crystallinity for particles deposited at different powers. The particles deposited at 5 to 20W 
are clearly amorphous while crystalline particles are formed for powers from 30 up to 40W.  

Figure 31 shows the development of the crystallinity for different rf powers for samples with a 45 
minute deposition.  Particles deposited at 5 and 10 watts are fully amorphous which can be seen from 
the two broad peaks at roughly 27.5 and 50 degrees. Then from 20 watts the crystallinity starts to 
improve and particles are fully crystalline for 30 to 40 watts. Three peaks start to develop when the 
particles become crystalline. These are positioned at 28, 48 and 56 degrees, corresponding to the silicon 
(111), (220) and (311) crystal planes. The large FWHM of the peaks is caused by the small particle size as 
was previously discussed. When the Scherrer equation is applied an average particle size of 3 nm is 
calculated. This is slightly smaller compared to the results from TEM analysis which could be caused by 
instrumental broadening. 
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5.2.3 Photoluminescence 
 
Due to a large collection of silicon nanoparticles with sizes smaller than 10 nm, quantum confinement 
effects play a large role in the particles. Therefore bright luminescence is observed during excitation of 
the particles. The photoluminescence spectrum for the deposited particles at a power of 40W is shown 
in the following figure:  

 
Figure 32 Photoluminescence spectrum for silicon nanoparticles deposited with a power of 40W. 

The figure shows that the luminescence is centered at a wavelength of roughly 810 nm. From the 
photoluminescence spectrum the size distribution of the oxidized particles can be calculated. This is 
plotted in the following figure: 

 
Figure 33 Size distribution for oxidized silicon nanoparticles calculated from the photoluminescence signal. This results in a 
narrow size distribution which is centered at a size of roughly 5nm,  



55 
 

The size distribution was calculated by converting the emitted wavelengths to energy and applying 
equation (3.10). A narrow size distribution can be observed with a peak position of 5.1 nm which is small 
enough for quantum confinement effects to take place. The FWHM of the size distribution is 2.7 nm. The 
curve is fitted with an exponential modified Gaussian peak to incorporate the tail from relatively larger 
particles.  
 

5.2.4 Raman spectroscopy 
 
Determining the crystallinity and gaining information about the size of the particles is done with Raman 
analysis as was discussed in section 3.3.1. The following figure shows the spectra for particles deposited 
at both 35W and 10W:   

 
Figure 34 Raman spectra for silicon nanoparticles produced at powers of both 35W and 10W. A broad and shifted crystalline 
peak is observed for particles deposited at 35W while an amorphous spectrum is obtained for particles deposited at 10W. 

 
From the spectra it can be seen that particles produced at a power of 35W are crystalline while 
amorphous behavior is observed for plasma powers of 10W which agrees with the XRD results from 
section 5.2.2. However, a significant shift in the crystalline peak occurs compared to the bulk crystalline 
silicon peak. The peak is centered at a Raman shift of almost 510 cm-1 while the bulk silicon peak lays at 
a value of 520.5 cm-1. This shift in peak position would correspond to a particle size of roughly 3.5 nm. A 
very small peak is also seen at 520.5 cm-1 which could be caused by the presence of bigger particles or a 
small substrate signal. However, since from TEM images only small particles are observed it is most 
likely that the signal is coming from the substrate. 
  



56 
 

5.2.5 Silane consumption 
 
Mass spectrometry was used to determine the silane consumption for both crystalline and amorphous 
particles deposited at 5 and 40W respectively. In Figure 35 the mass spectroscopy data is shown for a 
typical 40W deposition. The intensity of three specific masses is being followed over time: 30 (Silane), 2 
(Hydrogen) and 40 amu (Argon). Once the intensities and flow rates are stable, the plasma is switched 
on. In this case this happens after roughly 330 seconds. The figure shows a sharp decrease in silane 
while hydrogen is increased. This agrees with the particle formation model that was previously 
described. The same behavior is observed for production of amorphous particles. 
 
Silane consumption can now be calculated by comparing the starting intensity with the intensity after 
the plasma is switched on. A value of 96.8% consumption is found when a power of 40W is applied while 
during 5W plasma power only 22.8% is consumed.     
 

 
Figure 35 Mass spectrometry data development in time for a 40W deposition. The plasma is switched on after roughly 330 
seconds and a sharp decrease in Silane is observed while the intensity in hydrogen increases.  
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5.2.6 ATR-FTIR analysis 
 
This chapter will present the in situ ATR-FTIR results on silicon nanoparticles. Both as-deposited particles 
and surface modified particles are analyzed.  A comparison will also be made between amorphous and 
crystalline particles. The first section will present the results from measurements on as-deposited silicon 
nanoparticles which is followed by the analysis of the nanoparticle surface during and after oxidation, 
heating and alkene exposure.   
  

5.2.6.1 As-deposited particles 
 
The ATR-FTIR results of as-deposited particles are presented in the following figures. The region from 
2000 – 2200 cm-1 corresponds to the surface stretching modes of silicon mono, di and trihydrides [59, 60]. 
A total of 5 peaks were used to fit the silicon hydride stretching modes and one peak was inserted to 
include any oxidation that might have occurred.  
 

 
 

Figure 36 ATR-FTIR spectra for as-deposited crystalline (40W) and amorphous (5W) particles. The spectrum of amorphous 
particles shows a shoulder at 2139 cm-1 corresponding to Si-H3 while crystalline particles exhibit a shoulder at 2088 cm-1 from 
Si-H. 

The figure shows that there are no bulk stretching modes present, which would be centered around 
2000 cm-1, and only surface stretching modes are visible. From this it can be concluded that hydrogen is 
only present on the surface of the particles and not in the bulk.  
 
There is also a clear difference between amorphous and crystalline particles. For amorphous particles a 
shoulder is present at a wavenumber of 2139 cm-1 which is caused by the Si-H3 stretching mode. For 
crystalline particles however a shoulder develops at a wavenumber of 2084 cm-1 from Si-H stretching 
modes.  The scissor modes of Si-H2 and Si-H3 appear at 850 cm-1 and 900 cm-1 respectively but are not 
displayed here. No significant oxidation is observed for the samples. 
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The complicated structure and surface of the silicon nanoparticles make it necessary to include multiple 
peaks for the mono- and dihydrides [59]. Due to the rough surface the peak position of the stretching 
modes are shifted compared to “ideal” surfaces.  This gives fluctuations in bond angles due to 
interaction with nearby atoms and surface structure, causing the frequency to shift and broadening of 
the peak. The peak positions, width and corresponding species are summarized in Table 3. The “flat” and 
“rough” species correspond to ideal silicon surfaces and rough surfaces. The peak position of rough 
surfaces shifts relative to ideal surfaces due to interactions with other nearby atoms.   
 
Table 3 Peak positions, widths and corresponding species for the silicon nanoparticle surface modes.  

Peak Position Species Width 
2075 cm-1 Si-H (flat) 48-60 cm-1 
2088 cm-1 Si-H (rough) 27-31 cm-1 
2103 cm-1 Si-H2 (flat) 11-22 cm-1 
2120 cm-1 Si-H2 (rough) 29-30 cm-1 
2145 cm-1 Si-H3  18-22 cm-1 
2160 cm-1 Oxidation 34-35 cm-1 
 
 
The integrated areas of the fitted peaks after normalization are plotted in Figure 36. The figure confirms 
the decrease in Si-H2 and Si-H3 species while Si-H increases slightly for increasing crystalline particles. 
The fraction of monohydrides therefore increases when particles become more crystalline. Since fully 
crystalline silicon is ideally monohydride terminated, restructuring of the particles caused by heating 
from recombinations is causing the di- and trihydrides to leave from the surface.   
 

 
Figure 37 Integrated areas of the fitted peaks for several plasma powers. The fraction silicon monohydride species increases 
for higher powers while the di- and trihydrides are being removed for more crystalline particles.   
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5.2.6.2 Oxidation 
 
Controlled oxidation of the particles was performed by introducing 10 sccm of oxygen into the vacuum 
chamber after a 90 second silicon nanoparticle deposition on the crystal. The change in particle 
structure was followed over time with ATR-FTIR and is presented in the following two figures for both 
amorphous and crystalline particles:  

 

 
Figure 38 ATR-FTIR spectra from particles being exposed to 10 sccm of oxygen. Several spectra were taken to determine the 
oxidation behavior over time. The oxidation spectra for both amorphous (10W) and crystalline (35W) particles are plotted. 
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The negative intensity corresponds to a decrease or removal of a certain species. In this case the silicon 
hydrides are being removed by the oxygen as can be seen from the decreasing band between 2000 and 
2140 cm-1. Two oxidation peaks appear at 1050 and 2150cm-1 respectively. The peak at 1050cm-1 is 
caused by Si-O-Si bonds and is clearly visible due to a large absorption coefficient of this particular bond. 
The second oxidation peak is due to backbonded oxygen with silicon hydrides [61].The formation of an 
oxide shell is schematically displayed in the following figure. In this case water is used but the reaction is 
similar for pure oxygen.  

 
Figure 39 Oxidation mechanism for a crystalline particle. A) As-deposited particles, B) oxygen insertion in Si-Si back bond, C) 
fully oxidized boundary, D) formation of O-H groups [88]. 

A comparison of the oxidation rates is given in Figure 40. The integrated area of the Si-O-Si peak was 
used to compare the oxidation rates of the amorphous and crystalline particles. It is clear that 
amorphous particle have a much higher oxidation rate compared to crystalline particles. The behavior of 
the two particle types however is roughly the same. Initial oxidation is very rapid but stabilizes after 
roughly 60 minutes. From that point the oxidation continues with an almost constant rate until the 
particles are fully oxidized. The photoluminescence development for oxidizing crystalline particles will 
be presented in section 5.2.6.4. While the reduction of hydride species also stabilizes, a slightly larger 
fraction of hydrides leave for crystalline particles (see inset). This could be caused by a larger amount of 
dangling bonds present in amorphous particles.    

 
Figure 40 Oxidation rates for crystalline and amorphous particles. The integrated area of the oxidation peak at 1050cm-1 was 
used to determine the amount of oxidation. 
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5.2.6.3 Heating 
 
The development of the structure of the nanoparticles during heating has been studied for 
temperatures up to 250°C. Both crystalline and amorphous particles were deposited on a crystal which 
was at room temperature. The temperature was then increased until a temperature of 250°C was 
reached. During the heating of the crystal, FTIR spectra were taken to determine the development of 
the silicon hydride bonds. The result can be seen in Figure 41 for amorphous and crystalline particles 
respectively. 
 

 
 

 
Figure 41 Change in the silicon hydride species during heating for amorphous (5W) and crystalline particles (35W).  
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The decrease in silicon hydride species is very similar to the original as-deposited sample for amorphous 
particles. The same general shape is observed and there is no enhanced decrease for a specific species. 
However, crystalline particles show a different behavior during heating. Compared to the spectrum of 
as-deposited particles, a more pronounced peak develops at 2084 cm-1.  
 
The difference in spectra indicates that specific bonds are removed first when the particles are heated, 
which corresponds to weaker bond strengths. Silicon di- and trihydrides appear to leave at lower 
temperatures while monohydrides leave at higher temperatures. Due to the lower fraction of 
monohydrides in amorphous samples, the spectrum remains comparable to the original spectrum of as-
deposited particles. These results also agree with the results on porous silicon presented in reference 
[62].    
 

5.2.6.4 Alkene exposure 
 
The alkene passivation mechanism which was proposed in section 2.7 will be tested with two types of 
alkenes. The following graph shows the FTIR spectra development of silicon nanoparticles exposed to 
ethylene: 

 
Figure 42 FTIR spectra taken during ethylene exposure of silicon nanoparticles which is showing the change in silicon hydride 
and carbon groups over time.   

The figure shows a strong decrease in silicon hydride groups during exposure of ethylene while 
characteristic carbon peaks are developing in the region from 2800 till 3100 cm-1. This agrees with the 
reaction mechanism that was proposed earlier where the alkene reacts with a nearby hydrogen atom. 
However, the ethylene peaks are very weak and saturation occurs after 120 minutes. This low intensity 
might be caused by the short chain length of the molecule.  
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The second alkene is hexene which has a much longer chain compared to ethylene. The development of 
the FTIR signal during exposure of hexene can be seen in the following figure: 

 
Figure 43 ATR-FTIR spectra development of crystalline nanoparticles exposed to hexene. The decrease in hydride groups and 
increase in carbon-hydrogen groups from hexene are shown.   

The result is again a strong decrease in silicon hydrides species but now a much stronger carbon signal 
from Hexene can be observed. After 240 minutes almost 50% of the original hydride species are 
removed from the silicon surface which might be an indication that hexene is not able to fully passivate 
the particles or that longer exposure times are required. Since particles are deposited on top of each 
other, penetration times are longer and more time might be required to reach all the particles. The 
integrated areas of the two alkene peaks and silicon hydrides are plotted in the Figure 43. Particles were 
produced with the same plasma parameters and therefore initial FTIR intensities are the same.  
 
Both hexene and ethylene show a rapid increase in intensity followed by a steadier growth. The same 
behavior is observed for the decrease in silicon hydride species which confirms that the hydrogen 
removal is caused by alkene coverage of the nanoparticles. Direct comparison of the absolute intensities 
is however difficult due to differences in cross-sections.  
 
While hexene has three times as many carbon atoms than ethylene, the intensity of the carbon peak is 
significantly higher and more silicon hydride species are removed. Since hydrogen abstraction from a 
nearby site is required, a longer chain may make this abstraction easier and therefore more molecules 
react with the surface, causing a better FTIR signal. However, there is still a significant reduction in 
silicon hydride species visible for ethylene exposed particles which indicates that ethylene does react 
with the nanoparticles. Since more silicon hydride species are removed from the surface it is assumed 
that hexene is a better molecule for passivation.  
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Figure 44 Development of integrated peak areas for alkenes and silicon hydrides from obtained FTIR spectra.   

 
Now that a large fraction of the nanoparticle surface is covered with alkenes, the effect of the 
passivation on the reduction of oxidation is studied. The following figure compares the oxidation for 
unpassivated crystalline particles with the hexene exposed particles. This was done by taking an FTIR 
spectrum after exposing both samples to atmospheric conditions for 12 hours.   
 

 
Figure 45 Oxidation of as-deposited and hexene passivated crystalline particles after exposure to atmospheric conditions for 
12 hours.  
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Oxidation of the particles is strongly reduced for hexene passivated particles. From the figure it can be 
seen that silicon hydride species decrease strongly for untreated particles while an oxidation peak 
appears at a wavenumber of roughly 2200 cm-1. This decrease in hydride species and increase in 
oxidation peak is significantly reduced for hexene exposed particles. From this it can be concluded that 
more oxidation has taken place for the normal untreated crystalline particles compared to hexene 
exposed particles.  
 
This reduction in oxidation is also confirmed by the photoluminescence spectra of the two different 
samples. The photoluminescence spectra were taking for 6 days for both depositions while they stayed 
in atmosphere and could therefore freely oxidize. The particles were produced with similar plasma 
parameters and production times to ensure equal particle properties and quantities before exposing 
them to hexene.  
 
A much larger shift in peak position over time can be seen for the unpassivated crystalline particles. This 
is caused by the shrinkage of the crystalline core due to the oxidation of the particles. The smaller core 
gives rise to a blue-shift in the spectrum. The original peak position is also already shifted to lower 
wavelengths for the unpassivated particles. From this it can be concluded that the crystal core of the 
unpassivated particles is already strongly altered before the photoluminescence measurement is started. 
The initial peak position of the unpassivated particles is centered at 818nm while the passivated 
particles have a peak position of 839nm.  
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Figure 46 Photoluminescence spectra of as-deposited and hexene exposed crystalline particles taken after several days in 
atmospheric conditions. A clear shift is observed for the as-deposited particles while hexene passivated particles remain 
almost stable. 

From the photoluminescence spectra the size distribution can again be calculated. The following figure 
shows the size distribution for both as-deposited and hexene exposed particles after 6 days in 
atmosphere:  

 
Figure 47 Particle size distribution for as-deposited and hexene exposed particles after 6 days in atmospheric conditions.  
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A clear shift to smaller particle sizes can be observed which agrees with previous measurements. 
Oxidation reduces the particle core size and therefore the particles become smaller after being exposed 
to oxygen or moisture.  The hexene exposed particles remain much larger which is an indication of good 
passivation. Comparing the initial sizes (after 1 day) with the sizes after 6 days gives a reduction of size 
of 0.5 nm for as-deposited particles while hexene exposed particles only reduce 0.1 nm in size. The 
development of the core sizes is plotted in the following figure:  

 
Figure 48 Particle size evolution during exposure to air. Particle core sizes reduce due to the formation of an oxide shell while 
oxide formation is strongly reduced for hexene exposed particles.   
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5.3 Conclusion 
 
Silicon nanoparticles with sizes from roughly 3 up to 10 nm were successfully produced with a non-
thermal plasma. The crystallinity of the particles can easily be adjusted by varying the power which is 
applied to the plasma. Highly crystalline particles were produced at powers from 30W to 40W while 
lower powers of 5 to 10W gave amorphous particles, as was confirmed with XRD and Raman. Significant 
broadening of the XRD signal was observed which is caused by the small particle sizes. When Scherrer’s 
equation was applied, an average particle size of 3 nm was calculated. This is slightly lower than 
expected and could be caused by instrumental broadening of the XRD signal. 
 
Sizes of the nanoparticles were more accurately obtained with Transmission Electron Microscope 
measurements. TEM images showed clusters of small nanoparticles with sizes up to 10 nm and an 
average size of 4 to 5 nm. The particles were fully crystalline as lattice fringes could easily be observed. 
This was also confirmed with an electron diffraction image which showed a distinctive pattern, 
corresponding to crystalline particles.  
 
Photoluminescence measurements showed bright luminescence from the particles at room temperature 
under excitation with the emission centered at a wavelength of roughly 800 nm. From this the size 
distribution was calculated by converting the emitted photon wavelength to the particle diameter. A 
narrow size distribution was found with a maximum at a diameter of 5.1 nm and a FWHM of 2.7 nm. 
After being exposed to air for 6 days, the average particle size was reduced to 4.6 nm due to the 
formation of an oxidation shell around the core. 
 
Raman spectroscopy was used to obtain information about crystallinity and size of the particles. This 
confirmed the crystalline and amorphous structure for particles produced at 35 and 10W respectively. A 
significant red-shift in the crystalline silicon peak position was observed which is caused by the small size 
of the nanoparticles. A particle size of roughly 3.5 nm was calculated from the shift in peak position 
which is also slightly lower than TEM and PL observations. The particles were already exposed to oxygen 
for several days which could be an explanation for the slightly smaller particle size.    
 
In situ ATR-FTIR on the as-deposited amorphous and crystalline particles showed a clear difference in 
silicon hydride species coverage on the particle surface. When the two types of particles were compared 
it was found that di- and trihydride species decreased for increasing crystallinity while monohydrides 
increased slightly. The surface of crystalline particles is therefore significantly different and closer to an 
“ideal” monohydride terminated silicon surface compared to amorphous particles. Both amorphous and 
crystalline particles showed only surface stretching modes while bulk modes were not observed. 
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Heating experiments also showed a clear difference in behavior between amorphous and crystalline 
particles. From the obtained ATR-FTIR spectra it was seen that di- and trihydride species are removed 
from the silicon surface at lower temperatures than monohydride species. Since crystalline particles 
contain a larger fraction of monohydrides on the surface, a change in spectrum compared to as-
deposited particles was observed during heating.  
 
The oxidation development of the nanoparticles was also followed with ATR-FTIR. A much faster 
oxidation of amorphous particles compared to crystalline particles was observed during the controlled 
oxidation of the particles. This is due to the difference in surface termination and structure of the 
particles, where amorphous particles have more defects than crystalline particles which enhance 
oxidation. However, both crystalline and amorphous particles show the same oxidation behavior with a 
rapid initial increase in oxidation in the first minutes, followed by a steadier oxidation.  
 
ATR-FTIR was also applied for alkene exposure of the silicon nanoparticles. It was found that alkene 
exposure of crystalline particles resulted in a considerable reduction of oxidation compared to 
unpassivated particles. The ATR-FTIR results showed a strong decrease in SiHx while carbon peaks from 
ethylene and hexene appeared which agrees with the reaction path proposed in section 2.7.  
Both ethylene and hexene successfully reacted with the silicon nanoparticles. However, a much weaker 
signal from carbon species was observed from ethylene. The difference in intensity for both carbon and 
silicon hydride species is larger than the difference in chain length which indicates that hexene has a 
higher coverage and therefore better passivation. There was also a larger reduction in silicon hydride 
species for hexene exposed particles which indicates that more reactions have taken place. The short 
chain length might reduce the hydrogen abstraction from a nearby position while the longer chain of 
hexene is able to reach the hydrogen atom more easily.   
 
Oxidation was strongly reduced as was determined from ATR-FTIR measurements where hexene 
exposed and as-deposited particles were compared. Photoluminescence also confirmed the reduction in 
oxidation, where a much smaller shift in peak position over time of hexene exposed particles was 
observed compared to as-deposited particles. While as-deposited particles showed a reduction in crystal 
core size of 0.5 nm, hexene exposed particles only reduced 0.1 nm in size over a 6 day period. Alkenes 
are therefore a promising route for nanoparticle passivation as was also demonstrated for solution 
based passivation. However, gas-phase passivation can be done directly after production of the particles 
which strongly avoids exposure to oxygen and knowledge about the reaction mechanisms and particle 
coverage can be obtained by combining it with ATR-FTIR.  
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6. Expanding Thermal Plasma Process 
 
Small silicon nanoparticles with sizes of 10nm and less were successfully created and analyzed in 
Chapter 5. However, production of large amounts of particles in a short time cannot be achieved with 
the non-thermal plasma setup and scaling up this technique is difficult.   
In this chapter a new deposition method is investigated for creation of large amounts of free-standing 
silicon nanoparticles in a much shorter time. For this an expanding thermal plasma is used as the 
primary plasma source. Successfully developing a faster deposition method would bring the 
nanoparticles a step closer to mass production and incorporation in applications.  
The produced nanoparticles are again analyzed with similar ex situ tools as in Chapter 5 and properties 
of the particles are compared with particles produced using the non-thermal plasma setup.  
   

6.1 Experimental setup 
 
A novel way to produce silicon nanoparticles is by using an expanding thermal plasma. A remote Argon 
plasma is generated with a cascaded arc and is expanding into the vessel due to a large difference in 
pressure between the arc and the vessel. A schematic overview of the deposition setup is given in Figure 
49: 
 

 
Figure 49 Illustration of the expanding thermal plasma setup. The cascaded arc generates a plasma which rapidly expands 
into the main chamber. Silane is injected through a ring and silicon nanoparticles form on the substrates after the 
mechanical shutter is removed. A clean reactor is ensured by using a load lock for sample transfer.  
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The argon plasma expands in the vacuum vessel and silane is injected into the plasma through a ring 
with a diameter of 8cm which is positioned a few centimeters below the nozzle. Typical flow rates of 1 –
10 sccs were used for silane. An argon plasma is created in the remote plasma source with typical flow 
rates for Argon of 20-60 sccs. The current is varied between 30 and 80A which results in a voltage of 
roughly 100V when Argon is used in the cascaded arc. 
 
The cascaded arc is connected to a stainless steel vacuum chamber with a diameter of 50 cm and a 
length of 80 cm. Typical pressures for the vacuum chamber are 0.2 to 1.75 mbar while pressures of 200 
to 400 mbar are reached in the cascaded arc. This large pressure difference causes the plasma to expand 
rapidly in the vacuum chamber. Two pumps are connected to the chamber. A roots pump is used during 
deposition while a turbo pump is activated overnight to reach a base pressure of 10-6 mbar. The valve of 
the roots pump is used to control the pressure in the chamber during deposition.  
 
The substrate enters the chamber through a load lock which ensures a good quality vacuum in the main 
chamber. A magnetic arm is used to transfer the sample to the chamber were it is attached to the 
sample holder. The sample holder can be heated to 450 degrees Celsius where a small flow of helium is 
used to improve the thermal contact. However, in this study the sample holder remains at a 
temperature of 25°C during the deposition of the silicon nanoparticles. A mechanical shutter is used to 
protect the sample and prevent any preliminary deposition and can be operated with the software. A 5 
second deposition is long enough to acquire enough material on the substrates. A square piece of glass 
and silicon is used as substrates for deposition of the silicon nanoparticles. The preferred substrate can 
therefore be chosen for each analysis technique.  
 
Large amounts of free-standing nanoparticles are created during deposition with the expanding thermal 
plasma. Since the particles are formed in-flight, the deposition is independent of the used substrate and 
there is no post-processing such as annealing required for creation of crystalline nanoparticles. This also 
makes it possible to alter or passivate the nanoparticles in the same reactor, without exposing them to 
air, which is crucial to avoid oxidation.  
 
Cleaning of the vessel is done with an argon plasma with 15 sccs CF4 injected through the ring. After 60 
minutes this is followed by an argon/hydrogen plasma without any CF4 for another 60 minutes. Cleaning 
is performed after each day of deposition to ensure a clean vessel and consistent results. Deposition on 
the sample holders is removed with sandblasting.  
 
 
 
 
 
 
 
 



73 
 

Due to recirculation cells and different plasma regions, several regions are created on the substrates 
during nanoparticle deposition. A typical example of this can be seen in the following figure: 
 
 

 

 
 

Figure 50 Deposition regions on the substrate which are caused by the confined plasma beam and recirculation in the 
chamber. 

 
The inner dark red region is deposition from the confined plasma region. A lighter intermediate region is 
visible in the middle of the sample with a brown region on the outer side of the sample. The three 
regions are caused by the expansion of the plasma in the vacuum chamber where recirculation cell will 
develop on the sides of the chamber as was discussed in section 4.5. The relatively high pressure in the 
chamber will also strongly confine the plasma beam which results in the creation of these specific 
deposition regions. The effect of these different regions in the vacuum chamber on the particles will be 
discussed in this chapter. 
 
The expanding thermal plasma offers a lot of flexibility due to the separation of the plasma creation and 
the actual deposition region. Therefore a large number of parameters can be varied during deposition, 
each having a specific influence on the nanoparticles. The following parameters can be varied:  
 

- Argon flow rate 
- Silane flow rate 
- Arc current 
- Chamber pressure 
- Substrate temperature 

 
To test the influence of each process parameter on the deposition, one parameter is varied while the 
others are kept fixed. The deposited samples are initially inspected by eye on uniformity, structure, color 
and thickness and information about crystallinity and size of the particles are obtained with Raman. 
From this, the most promising samples are selected and the next parameter is varied.  
  

Inner Middle Outer 
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6.2 Results 
 
 
This chapter focuses on the results from several analysis techniques on silicon nanoparticles created in 
the expanding thermal plasma setup. First the results from Raman analysis are presented which was 
used to determine the influence of the process conditions on the samples and for selection of the most 
promising samples. This is followed with a section in which the size and size distribution of the 
nanoparticles is determined with several analysis methods. First TEM and SEM images of the as-
deposited particles are presented which is followed by Photoluminescence, XRD and Raman 
spectroscopy results. The chapter is ended with UV transmission results.  
  

6.2.1 Raman analysis 
 
Determining the crystallinity of the particles and an estimate of the size can be conveniently measured 
with Raman analysis. A large crystalline silicon peak will appear at a position of roughly 520 cm-1 while 
amorphous samples show a much broader peak at 480 cm-1. When the nanoparticles become smaller 
than 20 nm, a shift in peak position will occur. This shift in peak position compared to the peak position 
of bulk silicon is an indication of the size of the nanoparticles. More information about the principles of 
Raman can be found in section 3.3. 
 
In this section the influence of the change in specific process parameters on the particles is analyzed 
with Raman analysis to determine the optimal deposition conditions for silicon nanocrystals in this 
system. From the Raman results and visual inspection, the most promising samples were selected which 
are further analyzed with several ex situ measurement tools such as XRD, photoluminescence and TEM. 
Initial parameters were obtained from previous silicon depositions which were done in the same setup. 
These were modified to potential nanoparticle deposition conditions which were obtained from 
literature and this was used as the first set of process parameters. 
 
The Raman spectra are normalized for clarity and only the inner region of the samples is initially studied. 
The middle and outer regions are not always present and are sometimes harder to recognize. Therefore 
only the inner region is analyzed for the first Raman measurements as this gives the most consistent 
results. The intensity of the Raman spectra also fluctuates due to thickness variations. By normalizing 
the spectra these fluctuations are removed and features of the spectra can easily be compared with 
each other.      
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6.2.1.1 Chamber pressure 
 
Changing the chamber pressure significantly changes the beam shape of the expanding plasma. Higher 
pressures results in a much narrower and more confined plasma beam. It also influences the residence 
time which has a big impact on particle formation. The pressure is therefore an important parameter 
and will be varied first. A summary of the deposition conditions is found in the follow table: 
 

Table 4 Deposition conditions where the influence of chamber pressure is analyzed. 

Argon flow rate 55 sccs 
Silane flow rate 4 sccs 
Arc current 45 A 
Deposition time 5 seconds 
Substrate temperature 25 degrees 
Chamber pressure 0.5 / 1 / 1.5 mbar  

 
 
This resulted in the following Raman result: 

 
Figure 51 Raman measurement on the center of the sample showing the influence of chamber pressure on particle 
properties.  

 
The figure shows a large amorphous fraction for all the samples. However, for pressures of 1 and 1.5 
mbar a crystalline peak is clearly visible. A better uniformity was found for samples deposited at a 
pressure of 1 mbar and the crystallinity fraction is also slightly higher. Therefore a pressure of 1 mbar 
was used for later depositions. Raman measurements were performed on both glass and silicon 
substrates to eliminate any potential influence of the substrate. 
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6.2.1.2 Arc current 
 
Changing the arc current or power influences the amount of argon ions and electrons in the expanding 
plasma which affects the dissociation capacity of silane and particle properties. To determine the 
change in particle properties the arc current is varied from 30 to 80A. An overview of the deposition 
parameters is summarized in Table 5: 
 

Table 5 Deposition parameters for studying the effect of the arc current on nanoparticle properties. 

Argon flow rate 55 sccs 
Silane flow rate 4 sccs 
Arc current 30 – 80A 
Deposition time 5 seconds 
Substrate temperature 25 degrees 
Chamber pressure 1 mbar  

 
 
The Raman results are plotted in the following figure: 

 
Figure 52 Effect of the arc current on crystallinity of the nanoparticles measured with Raman spectroscopy on the center of 
the sample. 

Again a large amorphous fraction is observed for all the samples. This time only the deposition at 50A 
has a crystalline fraction which is comparable with the results from the previous section. Uniformity of 
the sample was again good with only two deposition regions visible. A current of 45A will be applied for 
the following depositions since this gave slightly better results than a current of 50A.  
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6.2.1.3 Argon flow rate 
 
The second parameter that influences the expanding plasma beam properties is the argon flow rate. 
This changes the residence time and is therefore an important parameter. Lower flow rates result in 
longer residence times due to a smaller difference in pressure between the cascaded arc and the 
vacuum chamber. The deposition parameters are again shown in the following table: 
 

Table 6 Used parameters for argon flow rate influence on nanoparticle depositions. 

Argon flow rate 20 – 60 sccs 
Silane flow rate 4 sccs 
Arc current 45A 
Deposition time 5 seconds 
Substrate temperature 25 degrees 
Chamber pressure 1 mbar  

 
 
This resulted in the following Raman graphs: 

 
Figure 53 Raman measurements on the effect on nanoparticle crystallinity with variation of the argon flow rate in the 
cascaded arc.  

 
Almost fully crystalline particles are now deposited for low flow rates of argon while a mixture of 
crystalline and amorphous is again seen for flow rates of 40 sccs and higher. The uniformity is also 
strongly improved for lower flow rates where only very minor color differences on the samples are 
observed which indicates of a highly uniform deposition.  A flow rate of 20 sccs is selected for future 
depositions due to the crystallinity and very good uniformity of the sample.  
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6.2.1.4 Silane flow rate 
 
The final parameter that was varied is the silane flow rate. The silane is injected in the expanding plasma 
through an injection ring which is placed a few centimeters in front of the cascaded arc exit. The optimal 
parameters from previous results were used to get the deposition settings where only the silane flow 
rates were varied: 
 

Table 7 Summary of deposition conditions where the silane flow rate is varied. 

Argon flow rate 20 
Silane flow rate 2 - 7 sccs 
Arc current 45A 
Deposition time 5 seconds 
Substrate temperature 25 degrees 
Chamber pressure 1 mbar  

 
 
The results are shown in the following figure: 

 
Figure 54 Comparison of the influence of the silane injection flow rate on the Raman spectrum. The measurements were 
done on the inner region of the sample.   

 
Again highly crystalline particles are obtained. The Raman results of the samples are very similar to each 
other. However, higher silane flow rates seem to give a higher deposition rate as thicker depositions are 
observed. A more detailed Raman analysis on these samples will be presented in the next section 
combined with several ex situ measurement tools.  
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6.2.2 Particle size determination 
 
In this section results from several analysis techniques will be presented. The focus of the section will be 
on the determination of the particles size and size distribution. Extra attention will be paid to Raman 
spectroscopy which is potentially a fast and convenient tool for size and crystallization determination. 

6.2.2.1 Electron Microscope images 
 
The following images show silicon nanocrystals deposited with the Expanding Thermal Plasma on a 
micro- and nanometer scale. The first images are made with a scanning electron microscopy which gives 
an overview of the structure of the deposition while further magnification could be achieved by using a 
transmission electron microscope.  
 
Figure 55 shows a top view of the structure of the silicon nanoparticles deposited on a silicon wafer. A 
very dusty surface with several agglomerated nanoparticles can be observed with empty space between 
the clusters.  
 

 
Figure 55 SEM image of silicon nanoparticles deposited with an expanding thermal plasma showing the dusty surface. 

 
A cross-sectional view made with scanning electron microscopy is shown in Figure 56. This view again 
shows the clustering of the particles with empty space in between the cluster. Due to the limitations of 
the SEM, further magnification was difficult. Smaller particles can be observed on the bottom of the 
sample with larger particles in the middle. The reason for this deposition behavior is still under 
investigation. A deposition thickness of 100 nm up to 2 μm was determined with SEM, where the 
thickness increases with increasing silane flow rates.  



80 
 

 
Figure 56 Cross-sectional view of the nanoparticles deposited on a silicon wafer. Clustering of the particles is observed. 

Individual particles can be observed and analyzed by using the higher resolution of a TEM. Figure 56a 
shows a large collection of nanocrystals with a size of 100 nm and smaller. However, there are also 
regions which contain crystalline particles with a size of 10 nm and less.  Due to the fast deposition times 
the particles get deposited on top of each other during the 5 seconds deposition which causes the 
overlap of particles as can be seen in the following figures: 
 

 

A 
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Figure 57 Transmission electron microscope images of silicon nanoparticles deposited with an expanding thermal plasma. 
Crystalline particles with sizes ranging from roughly 4 up to 100 nm are can be observed. The particles are spherical and are 
deposited on top of each other due to high deposition rates.  

 

B 

C 
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From the figures it can be concluded that the particles are spherical and crystalline, which can be seen in 
more detail in Figure 57b-c. The lattice fringes are clearly visible which corresponds to fully crystalline 
particles. The deposited particles have a wide range of sizes, ranging from roughly 4 to 100 nm.  
 
Figure 57c shows a region with a large collection of smaller nanoparticles where one nanoparticle has 
been marked for clarity. These particles have sizes of 10 nm or less which is the region where quantum 
confinement effects play a role.  
 
There are also regions which contain particles with sizes up to 100 nm which are visible when a lower 
magnification is used. The depositions therefore consist of regions with both smaller and bigger particles 
which was also confirmed with the SEM measurement. A small oxidation ring is observed on the edge of 
the nanoparticles which is caused by the rapid oxidation of the nanoparticles as was also shown in the 
previous chapter.   
 
A three dimensional TEM image of the nanoparticles can be seen in Figure 58. This was achieved by 
cutting and lifting a very small strip of silicon wafer containing silicon nanoparticles which is done 
precisely with a focused ion beam.   
 
A large collection of nanoparticles can be seen which are clustered together. The smaller particles are 
again mainly deposited on the bottom and top of the sample with bigger particles in between. The 
clustering of the particles generates open spaces where no particles are present.  
 

 
Figure 58 Three dimensional TEM image of a silicon nanoparticle deposition. Clusters of nanoparticles with sizes up to 100 
nm can be observed with empty space in between.  
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By measuring individual particles from TEM images a size distribution can be obtained. Since a bimodal 
size distribution is created, two separate distributions are obtained which can be seen in the following 
figure:  

 
Figure 59 Particle size distributions obtained from TEM images. Two separate distributions are appearing due to the 
presence of both relatively small particles (<10 nm) and large particle (>40 nm).  

The size distributions are fitted with exponentially modified Gaussian distributions and give an average 
size of 4.6 and 65 nm respectively. There are no particles observed with sizes between 15 and 40 nm 
which indicates that particles have two separate lifetimes in the plasma. 
 
A rough estimate of the residence time in the plasma can be obtained by dividing the length of the 
chamber with the average flow velocity of the plasma. This gives a residence time which is in the order 
of milliseconds. However, based on the pressure in the chamber (p), volume of the chamber (V) and 
flow rates of the gases (ϕ) a second residence time (τ) can be calculated with the following equation [92]: 
 

                                                                                         𝜏 = 𝑝𝑉
𝜙

                                                                                (6.1) 

 
This gives a value of roughly 1 second for a pressure of 1 mbar, a volume of 0.23 m3 and a flow rate of 25 
sccs. This residence time is a factor 103 longer than the residence time in the plasma itself which agrees 
with the difference in volume for particles with sizes of 5 and 50 nm, which is also a factor 103. While 
this is a very simple and rough explanation for the two particle sizes, as it does not take into account the 
differences in density and structure of different sized particles, it does give a plausible explanation for 
the two size distributions.     
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6.2.2.2 Photoluminescence 
 
Photoluminescence spectra for samples with varying silane flow rates are presented in the figure below. 
The shift in peak position is caused by differences in size of the particles, with smaller particles shifting 
to higher energies due to the increase in band gap.  
 
The figure shows that emission from the silicon nanoparticles is appearing at wavelength of 700 to 800 
nm. Since a large fraction of the produced particles have sizes smaller than 10 nm, bright luminescence 
is observed. A silane flow of 4 sccs leads to the most blue-shifted emission compared to the other two 
samples. It is therefore expected that this sample contains the smallest particles.  

 
Figure 60 Photoluminescence spectra for particles deposited with different silane flow rates and three positions on the 
sample itself.  

 
The decay dynamics for the three samples were obtained by excitation with a 2nd harmonic ns-pulsed 
Nd:YAG laser. The excitation was performed on the inner region which gave the largest 
photoluminescence intensity. Decay of the PL signal consists of a fast and a slow component. The fast 
component lies below the resolution of the setup and has a value of <30 ns. The second component can 
be fitted with multiple exponential decay functions or a single stretched exponential function. The 
stretched exponential function gave better fit results and uses less parameters. This can be explained 
with the broad size distribution of the samples which causes a radiative decay distribution. Difference in 
recombination on the edge and in the bulk might also play a role in this behavior.  
 
Data was fitted with the following stretched exponential function: 
 

                                                                    𝐼 = 𝐴1exp �−(𝑡 𝜏2)⁄ 𝛽�                                                         (6.1) 
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where β was found to be roughly 0.3 for all samples. The decay times for 1, 4 and 10 sccs are 34, 48 and 
120 µs respectively. This is expected to come from radiative processes [71]. The decay rate for samples 
produced with 10 sccs of silane is therefore slower which indicates that it is more driven by radiative 
processes.   

 
Figure 61 Time-dependent photoluminescence intensity for the three samples produced with different silane flow rates. A 
fast and a slow component of the decay can be seen.  

Size distributions for the separate regions were also calculated by converting the emission energy to 
particle diameter with equation (3.10) from section 3.6. Figure 62 shows the size distribution for the 
three samples. The peaks are centered at sizes of 4 to 6 nm which is comparable or slightly larger than 
the particles produced with the non-thermal plasma (see Figure 33). These results also agree with the 
TEM results where particles ranging from roughly 3 to 80 nm could be observed.  

 
Figure 62 Size distributions calculated from the photoluminescence intensities from Figure 60. A relatively broad distribution 
is observed which is centered between 4 and 5 nm.  
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6.2.2.3 X-ray Diffraction results 
 
X-ray diffraction has been performed on particles with the deposition conditions which were used in 
section 6.2.1.4. After a 5 second deposition on glass a gonio 2θ-scan is performed on a specific region of 
the sample where the 2θ-angle is varied between 10 and 60 degrees. Figure 63 shows the XRD data of 
the inner region from samples deposited at 20 sccs of Argon with variable flows of Silane: 

 
Figure 63 X-ray diffraction data for increasing silane flow rates. Three peaks from crystalline silicon are developing for 
increasing flow rates. The glass substrate is responsible for the broad background signal.  

 
The figure clearly shows three peaks developing at 28, 48 and 56 degrees. These correspond to the (111), 
(220) and (311) crystal planes of silicon. The peaks at 26 and 43 degrees are caused by SiO2 which is 
coming from the oxide shell around the particles [63]. The glass substrate is responsible for the larger 
features as can be seen from the figure. A more detailed image of the (111) peak at roughly 28 degrees 
can be seen in Figure 64. The intensity of the peaks increases for higher flow rates of silane. This 
indicates a higher deposition rate while the crystallinity is still maintained.   
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Figure 64 Detailed view of the Silicon (111) crystal plane peak. The increasing intensity is caused by the deposition amount 
on the substrate. 

When the XRD data is compared with the data from the smaller particles (see Figure 31), the effect of 
particle size on the peak width is clearly seen. TEM images showed particles with sizes ranging from 4-
100 nm. Therefore the peaks are significantly narrower compared to the diffraction peaks of particles 
with an average size of 5 nm which were shown previously. Applying Scherrer’s equation gives an 
average particle size of roughly 34nm which is close to the average size determined from TEM.    
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6.2.2.4 Particle size determination with Raman 
 
Information about the size of the nanoparticles can be obtained by comparing the Raman peak positions 
of the silicon nanoparticles with the crystalline silicon peak at roughly 520 cm-1 of a silicon wafer which 
acts as bulk silicon. A red-shift of the peak indicates the presence of small nanoparticles with sizes of 
20nm or less as was described previously. A comparison of a silicon wafer and a sample deposited at 7 
sccs of silane can be seen in the following graph: 

 
Figure 65 Comparison of the Raman spectra for a silicon wafer and silicon nanoparticles deposited with 7 sccs of silane. Both 
peaks are fitted with a Lorentzian function. 

 
The shapes of the two Raman spectra look very similar which indicates that the silicon nanoparticles are 
highly crystalline. The spectra are fitted with a Lorentzian curve from which the peak position and width 
can be determined. The fit gives a peak position of 520 cm-1 for the silicon wafer which is very close to 
the peak position of ideal silicon. This minor shift might be caused by the Raman system itself or the 
resolution of the system.  
 
The peak position of the sample deposited with 7 sccs of silane lays at a value of 519 cm-1 and is also 
broader compared to the Raman peak coming from the silicon wafer. A very small amorphous fraction is 
still present but this is neglectable compared to the crystalline peak.  
 
However, since the sample consists of both relatively small and large particles, the peak has to be 
deconvoluted into two separate peaks. This is done in Figure 66 where two Lorentzian peaks are used 
for the crystalline part while one broad peak is used for fitting of the amorphous part. 
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Figure 66 Comparison of a silicon wafer with a nanoparticle deposition with 7 sccs of silane. The deposition spectrum is fitted 
with three peaks to incorporate the effect of both small and big particles and an amorphous fraction. 

The peak for smaller particles (green) is now centered at a position of 517.75 cm-1 while the peak for 
bigger particles (red) is fixed at 520 cm-1 with the same width as the fitted peak of the silicon wafer. This 
corresponds to a mixture of particles where the smaller particles would have sizes of roughly 5 nm while 
larger nanoparticles have diameters larger than 20nm which act as bulk silicon.  
 
The Raman spectra for different silane flow rates were also fitted with the same functions. The resulting 
peak positions for small particles are plotted in the following graph. The particle size ratio is also 
included, which is obtained by dividing the area of the fitted small particle peak with the area of the bulk 
peak. 

 
Figure 67 Peak shift and particle size ratio obtained from Raman measurements for several silane flow rates.  
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From this it can be seen that bigger shifts occur for depositions with larger silane flow rates. However, 
the particle size ratio is decreasing at the same time which indicates that there is a larger fraction of 
relatively big silicon nanoparticles deposited. From the shift in peak position it is found that the particles 
have average sizes of 5 to 7 nm.  
 

6.2.3 Transmission spectroscopy 
 
Ultraviolet transmission spectroscopy was performed on silicon nanoparticles deposited on glass. The 
measurements give information about the band gap of the particles which is related to the absorption 
and transmission of the UV light. Bulk silicon has a band gap of 1.12 eV and would therefore absorb 
everything. The small nanoparticles have a much bigger band gap and will absorb only light with a high 
energy. Figure 68 shows a typical transmission spectrum for three depositions regions (see section 6.1) 
where the intensities are normalized for clarity. 

 
Figure 68 Transmission spectroscopy measurement on three regions of a sample deposited with 7 sccs of silane and 20 sccs 
of argon. The spectra are normalized for clarity.  

The figure shows a clear difference between the three regions. The energy cut-off for the inner region is 
at roughly 1.625 eV which is a much lower value compared to the outer region value of 2 eV, indicating 
that the outer region contains a larger fraction of small particles with a higher band gap.  
 
The slope of the curve is also an indication of the size distribution, where a steeper curve corresponds to 
a narrower size distribution. A significant difference is again visible between the three regions. The outer 
region has a much broader size distribution compared to both the inner and middle region. 
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When the fitted Raman peaks for small and large particles are compared for the two regions, it is 
observed that for the outer region the peak area for smaller particles is larger than the peak attributed 
to large particles (Figure 69). The opposite holds for the inner region. This agrees with the transmission 
results as this indicates that the outer region contains a larger fraction of small particles while the inner 
region mainly has larger particles. The result is a much steeper slope for the inner section caused by a 
larger fraction of relatively big particles while a much broader slope is obtained for the outer regions.    
 

 
Figure 69 Raman spectra comparing the outer and inner region of a sample deposited at 7 sccs of silane and 20 sccs argon. 
The outer region has a larger fraction of relatively small particles while the inner region is dominated with bigger particles. 

The following figure compares the results for the inner region of depositions with increasing silane flow 
rates with each other. A decrease in cut off energy is observed for increasing flow rates indicating that 
lower flow rates have a much larger fraction of small particles. This was also confirmed with Raman 
where a larger shift was observed for lower flow rates (see Figure 67). The size distribution is also bigger 
for decreasing flow rates as can be seen from the broader signal.  

 
Figure 70 Transmission spectroscopy measurement comparing the results for the inner region for increasing silane flow rates. 
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6.3 Conclusion 
 
The expanding thermal plasma setup was successful in producing free-standing crystalline silicon 
nanoparticles with sizes ranging from 4 to 100 nm without requiring any post-processing. Deposition 
rates are greatly improved compared to conventional production methods such as the non-thermal 
plasma method used in the previous chapter. A deposition of a few seconds is sufficient to generate a 
large volume of nanoparticles while most current techniques take at least 30 minutes or longer. Based 
on the flow rates used in both the non-thermal plasma and expanding thermal plasma, the production 
rate can be up to 300 times faster.  
 
The impact of specific deposition conditions on particle properties was initially determined with Raman 
and visual inspection of the samples. A chamber pressure of 1 mbar with an arc current of 45 A gave 
decent uniformity but both a crystalline and amorphous fraction were visible. Decreasing the argon flow 
rate to 20 sccs gave a very strong crystalline peak and a much better uniformity. This is most likely 
caused by an increase in residence times due to the lower argon flow rate, therefore leading to more 
crystalline particles.   
 
Transmission and Scanning Electron Microscopy were applied to determine size, structure and 
crystallinity of the particles. Clustered nanoparticles were observed with sizes ranging from 3 to 10 nm 
but also bigger particles with sizes up to 100 nm. Particles were fully crystalline as lattice fringes could 
be observed. The electron microscope images showed that smaller nanoparticles are deposited on the 
top and bottom. The reason for this is still under investigation but might be caused by the shutter or 
because of preliminary deposition.  
 
The crystallinity of the particles was also confirmed with XRD measurements where three crystalline 
silicon peaks were visible, corresponding to (111), (220) and (311) orientations. Two smaller peaks were 
also observed which correspond to silicon oxide. The width of the XRD peak was used to get an estimate 
of the average particle size by applying Scherrer’s equation which gave an average size of roughly 34 nm 
which is in good agreement with TEM observations.    
 
The particle size distribution was again calculated from the obtained photoluminescence spectra. Due to 
a large volume of small particles, bright luminescence was observed coming from the excited particles. 
The luminescence from smaller particles was collected and emissions were centered at wavelengths of 
700 to 800 nm, depending on the used silane flow rate. This gave a size distribution for smaller particles 
where an average size of 4 up to 6 nm was found with a tail for larger particles. The obtained 
distributions are slightly broader compared to the distribution of particles deposited with the non-
thermal plasma.  
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Exciton lifetimes were analyzed with time-dependent photoluminescence. Two lifetimes were found of 
30 ns and 20 up to 140 µs respectively which are comparable with values found in literature [71, 80]. The 
first lifetime corresponds to non-radiative recombination and is therefore very short. The longer lifetime 
was obtained by fitting the data with a stretched exponential function. This is likely required due to the 
size distribution of the nanoparticles which also results in a radiative decay distribution.   
 
Due to the bimodal size distribution, Raman spectra were deconvoluted into two peaks where one 
corresponds to relatively small particles while the other is caused by the bigger particles which act as 
bulk silicon. From the Raman measurements both the size and crystallinity of the particles were 
determined.  
It was found that an increase in silane flow rate did not change the Raman spectrum significantly. 
However, when the peak positions were compared a slightly larger shift was observed for higher silane 
flow rates although the ratio between relatively small and big particles was decreasing, indicating that 
the samples contain a larger fraction of bigger particles. From the Raman peak position shift particle 
sizes of 5 to 7 nm were determined which is in good agreement with sizes obtained with other 
techniques. The main advantage of Raman measurements is that results can be obtained within minutes 
and it is therefore a very valuable tool.        
 
Information on the band gap and therefore the size of the nanoparticles was obtained with UV 
Transmission Spectroscopy measurements. From this it was found that the outer region of the samples 
contains a larger fraction of small nanoparticles since the cut-off energy is higher. This is also confirmed 
with Raman analysis where the inner region was found to have a much larger peak from small 
nanoparticles. The UV transmission measurements for increasing silane flow rates also agree with the 
results from Raman measurements, where a decrease in small particle contribution was found for higher 
flow rates.   
 
From the obtained results it can be concluded that the expanding thermal plasma is a very promising 
silicon nanoparticle production technique. Although there are still certain aspects that need to be 
improved, such as the bimodal size distribution, already a very high production rate of small particles is 
realized which cannot be achieved with other production methods.  
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7. Conclusion and outlook 
 
Silicon nanoparticles have been successfully produced with two different plasma processing methods. 
The non-thermal plasma setup was able to produce very small (<10nm) nanoparticles with a narrow size 
distribution which are either amorphous or crystalline, depending on the power applied to the plasma. 
These sizes are small enough for quantum confinement effects to play a role as could be seen from 
intense light emission from the excited particles. However, production rates remain very low and 
upscaling of this production method is difficult.  
 
Much higher production rates can be achieved by applying the expanding thermal plasma. After 5 
seconds enough particles are gathered for analysis while depositions of 30 minutes or more are required 
for the non-thermal plasma process. Also much larger areas can be covered with free-standing 
nanoparticles which combined with the high production rates makes it a very promising technique for 
silicon nanoparticle mass production. No post-processing or special substrates are required which is a 
major advantage over conventional production techniques.  
 
To compare the produced particles of the two production methods, particle sizes were obtained with 
several analysis tools. Extra attention was paid in this study on the possibilities of using Raman as an 
analysis method for fast and convenient determination of crystallinity and particle size. An overview of 
the acquired particle sizes obtained with the several techniques that were used in this study are 
summarized in the following table: 
 
Table 8 Particle size comparison for several analysis techniques for both particles produced with the expanding thermal 
plasma and non-thermal plasma.   

 Expanding Thermal Plasma Non-Thermal Plasma 
TEM 3-7 & 40-100 nm 3-7 nm 
Photoluminescence 4-6 nm 4.6 nm 
XRD 34 nm 3 nm 
Raman 5-7 nm 3.5 nm 
 
 
The most accurate particle sizes can be determined with transmission electron microscopy. From this 
the actual particles and structure can be seen in real time. It is however a time-consuming and 
expensive tool and is therefore only useful when detailed analysis is needed. From TEM measurements 
the bimodal size distribution for particles created in the expanding thermal plasma was observed. 
Smaller particles with sizes of 3 up to 7 nm and bigger particles with sizes from 40 to 100 nm are 
deposited simultaneously. Particles produced in the non-thermal plasma on the other hand all have 
sizes below 10 nm due to only a single residence time.  
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Photoluminescence is a much easier technique and also gives information about particle sizes, 
passivation and quantum confinement effects. However, attention has to be paid to the acquired 
spectra since it is often not known which transitions are responsible for the emitted light. Particles 
produced with both processes showed bright luminescence under excitation and particle sizes of 4 to 6 
nm were calculated from the emission spectra, depending on the plasma parameters and oxidation. 
 
X-ray diffraction is a powerful tool for obtaining crystallinity information such as the orientation of the 
crystal planes. The broadening of the peaks is a measure for the average size of the materials. While this 
gives a reasonable estimate of the average size of the nanoparticles, instrumental broadening can cause 
misleading results. Another disadvantage is that only the average size of particles is obtained and it is 
therefore not an accurate tool for size determination. In the case of the particles produced in the 
expanding thermal plasma the size obtained from XRD is the average of the relatively small particles 
combined with the larger particles due to the bi-modal distribution. This gave a value of 34 nm which is 
a reasonable estimation.   
 
Particles from both the expanding thermal plasma and non-thermal plasma were analyzed with Raman 
and a good agreement with other analysis tools was found. Raman measurements were found to be 
very fast and contained a lot of valuable information. Both crystallinity and particle sizes were obtained 
within minutes. Particle sizes of 5 to 7 nm were obtained for particles produced in the expanding 
thermal plasma while a particle size of 3.5 nm was determined for particles from the non-thermal 
plasma. These values are in good agreement with the other results.  
While size determination is not as accurate as TEM measurement, a good estimate was obtained which 
is very useful for coupling production parameters to particle properties. Therefore Raman spectroscopy 
has proven to be a valuable tool for obtaining particle size and crystallinity information. Attention has to 
be paid to the laser power which has to be strongly reduced to avoid crystallization by the focused laser.    
 
The in situ ATR-FTIR method is a powerful tool to easily determine particle properties and structure of 
as-deposited and surface modified particles. In the future it can be used to analyze the surface after for 
example functionalizing the nanoparticles with molecules which has recently been attracting interest. 
The progress can be followed in real-time and without exposure to oxygen or water which is a major 
advantage over regular FTIR.     
 
By comparing the nanoparticle sizes for both plasma processing techniques it can be seen that the non-
thermal plasma process still has an advantage in this area. While the expanding thermal plasma is able 
to produce large volumes of small particles with sizes well below 10 nm, there is also a large fraction of 
bigger particles present. This bimodal distribution is most likely caused by different flow regions in the 
vacuum chamber which results in more than one residence time. 
    
Particles produced in the non-thermal plasma have a narrow size distribution where diameters of the 
nanoparticles were smaller than 10 nm. This is due to the close to equal residence time for all particles 
caused by trapping of the charged particles in the plasma, followed by ejection of the particles by drag 
forces. This is however also a disadvantage since only a specific particle size can be created and variation 
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in size is proven to be difficult. Upscaling of the method is also difficult and makes this production 
process unsuitable for mass production of silicon nanoparticles. It is however still a good research tool 
since nanoparticles with constant sizes and size distributions are consistently generated and the design 
is very simple.  
 

7.1 Outlook 
 
Although large quantities of free-standing silicon nanocrystals have been successfully produced with the 
ETP, there are still certain aspects that need to be improved. A narrower size distribution would be 
highly desirable with the ideal scenario being a controlled size generation for specific plasma parameters. 
A bimodal size distribution is currently obtained and therefore both small particles (<10 nm) and large 
particles are produced simultaneously. This is caused by a difference in residence time which could 
originate from the recirculation cells in the outer region of the reactor. Eliminating these cells by 
modifying the chamber geometry could potentially improve the size distribution. Since the recirculation 
cells appear on the sides of the chamber, a conical geometry might reduce this behavior. The cascaded 
arc can also be placed closer to the substrate holder.   
 
Another possibility is to use size selection devices such as a differential mobility analyzer. With these 
devices particles with a specific size can be selected and filtered. However, it is preferred to generate 
the small particles in the plasma itself without any size selection. The focus for future experiments 
should therefore be on obtaining smaller size distributions in the plasma itself. 
 
Once size control is improved, extra attention can be paid to passivation of the particles. The rapid 
oxidation of the small particles changes particle properties and causes unstable behavior as was 
observed in Chapter 5. Therefore passivation of the particles plays an important role and can also add 
functionalities to the particles.    
 
The results in this thesis show that the expanding thermal plasma technique has a lot of potential for 
mass production of silicon nanoparticles. Recent developments and breakthroughs have shown the 
capabilities of silicon nanoparticles and this has stimulated the interest in applications such as all silicon 
optoelectronic devices, solar cells and for use in batteries. Realization of these devices and applications 
requires a production technique that is not only able to produce small and free-standing crystalline 
particles but also offers a high enough production rate. Compared to conventional nanoparticle 
production techniques, producing silicon nanoparticles in an expanding thermal plasma has a major 
advantage in deposition rates. An increase in production rates compared to conventional techniques of 
up to 300 times is achieved and this technique could therefore be the optimal process for deposition of 
silicon nanocrystals on large scales.  
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