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I. Introduction 
The present study has the objective to better understand the plasma refining process for 

the purification of silicon. Before presenting the process itself the “standard” technologies 
used for the production of solar cells are presented. We present all steps from the reduction 
of the quartz to the assembling of the modules. Although there are many different 
technologies, most solar cells are produced with the technologies that are presented here. 
The “standard” technology for the purification of silicon is the Siemens process. We present 
several technologies that may replace the Siemens process at lower costs. The plasma 
refining process can remove boron that can hardly be removed by other processes. At the 
end of this chapter we introduce to the need for a fundamental understanding of the plasma 
refining process. 

I.1. From silica to solar cells (the “standard” technology) 

I.1.1. Production of metallurgical silicon  

 

 
Figure I-1 Silica stones and silicon 

The raw materials for the production of silicon are quartz and different reductants (coal, 
coke, wood). Quartz is a chemical compound consisting of the two most abundant elements 
on earth, Oxygen and Silicon. Most sands contain a high quantity of quartz but for silicon 
production pure silica stones are used. The silica stones are reduced by coal in an electric 
arc furnace (Figure I-2). The energy furnished by the furnace is used to melt the quartz so 
that it can react with the reducing agents. 

For the production of 1 ton of silicon one needs [Dub90]: 
•  2.5 tons quartz 
•  0.8 tons charcoal 
•  0.2 tons coke 
•  1.2 tons wood 
•  0.1 tons graphite electrodes 
•  11000 kWh electricity 

The global reaction that takes place in the reduction furnace is COSiCSiO 222 +→+ . 

This global reaction is the sum of different elementary reactions that take place at different 
zones of the reduction furnace. A detailed description can be found in [STT98] 

The silicon flows into a ladle with air bubbling (oxidizing refining). The oxygen of the air 
reacts with the elements that are more reactive than silicon such as aluminum and calcium. 
The oxides form a layer on the silicon and can thus be removed. The silicon produced by the 
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furnace has a high concentration of impurities which come from the quartz and the 
reductants. Baluais [BCD09] measured the concentration of several impurities in the silicon 
from an electric arc furnace (Table I-1). The impurity contents vary with the raw materials and 
a compromise has to be found considering their purity, cost and availability. Especially the 
boron and phosphors content of the raw material is very important because the removal of 
these elements from the silicon is expensive. By choosing well the quartz and the reductants 
the concentration of boron can be reduced down to 7 ppm and the concentration of 
phosphorus can be reduced down to 10 ppm. [Deg08]. The impurities must be removed in 
order to obtain solar grade silicon. This is typically done with the Siemens process 

 
Fe Ca Al Ti B P C 

2400 ppm 98 ppm 245 ppm 240 ppm 32 ppm 19 ppm 100 ppm 

Table I-1 Impurity concentration of metallurgical silicon [BCD09] 

 
Figure I-2 Electric arc furnace for silicon reduction 

I.1.2. The Siemens process  

In the Siemens process the metallurgical silicon reacts with hydrogen chloride producing 
the gas trichlorosilane. 

23 3 HSiHClHClSi +→+  

This gas, having already a higher purity than the metallurgical silicon, is then distilled. 
The distillation separates the trichlorosilane from the impurities. The high purity 
trichlorosilane is then reduced in a CVD reactor (chemical vapor deposition) to silicon. 

  323 HClSiHSiHCl +→+  
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For the purification of 1 kg of silicon the energy consumption of the Siemens process is 
[AW07] 110 kWh of electricity and 51 kWh of heat. This is 30 % of the total primary energy 
input for the production of a solar cell and therefore new processes are being developed to 
replace this process. The production costs for solar silicon from the Siemens process is 
about 50 €/kg [SSC10]. The silicon from the Siemens process has only ~0.02 ppm of 
impurities. A dopant can be added to the silicon to increase the conductivity (doping). Boron 
may be used to obtain p-type silicon and phosphorus for n-type silicon. 

I.1.3. Crystallization  

The silicon is crystallized either into a single crystal or to a multicrystalline ingot. The 
Czochralski method is used for the growth of a silicon crystal. For this a small seed crystal is 
dipped in a silicon melt at the melting point. The rotating crystal is then pulled up and grows. 
The pulling speed needs to be controlled precisely in order to maintain the diameter of the 
crystal constant. Multicrystalline ingots are crystallized in furnaces in silica crucibles. The 
heat is extracted at the bottom of the crucible and the silicon melt crystallizes from the 
bottom to the top. For the crystallization of multicrystalline silicon the growth speed is 
typically 0.5-1.5 cm/h [MGS06]. The mass of the ingots is about 400 kg [ITR11]. 

 Recently Lan et al. [LLY12] showed that the efficiency of multicrystalline solar cells can 
be significantly improved by reducing the growth of dislocations during solidification. Even 
though recombinations at the grain boundary reduce the efficiency of the solar cell it is better 
to have small columnar grains and thus a lower dislocation density.  

Currently research is going on to use the furnaces for multicrystalline silicon for 
crystallization of monocrystalline silicon with seed crystals. This technology may combine the 
higher efficiency of monocrystalline silicon and the higher throughput of directional 
solidification furnaces. However there are still some issues that need to be resolved. For 
example the high dislocation density and the multicrystalline parts [PFC12]. 

I.1.4. Cutting  

The crystallized silicon ingot is then cut into bricks at the size of the wafer 
(156x156 mm²) and then by a wire saw into wafers with a thickness of about 180 µm [ITR11]. 
As the wire of the saw has a diameter of about 130 µm [Mey12] the wafer slicing process has 
a loss of about 50% of the silicon. Today the wire sawing process uses typically a smooth 
steel wire with a slurry of SiC abrasive. 

The lost silicon becomes unusable because it is mixed with the abrasive and small 
particles of the wire. The project ReSicle in the laboratory SIMaP/EPM tried to develop a 
process for the recycling of this waste. The project was not continued due to high economic 
costs particularly due to the technical difficulties to separate the abrasive SiC from Si which 
have similar properties. Tai et al. [TL10] patented a method of separation of Si and SiC using 
the different surface properites of the oxidized silicon surface and the SiC surface. While the 
oxidized silicon surface is hydrophilic the SiC surface is hydrophobic. Wang et al. [WLT08] 
found that Si and SiC can be separated due to their different melting temperature. At high 
temperature the liquid Si forms clusters. After cooling the Si clusters can be separated from 
the SiC by water cleaning. 

A new emerging technology is the diamond plated wire saw technology which has the 
advantage of a higher productivity and an easier recycling of the cooling liquid [BWK09]. 
While in the process with slurry the small silicon debris have to removed from the slurry with 
SiC, all particles can be removed from the cooling liquid in the diamond saw process. An 
inconvenience of the diamond plated wire is the high price of the wire. 
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Figure I-3 Sawing the bricks to wafers  Figure I-4 Texturized silicon surface 

 

 

 

Figure I-5 A multicrystalline Si wafer  Figure I-6 The solar cell 

I.1.5. Texturization  

Monocrystalline wafers are edged with a solution of NaOH or KOH mixed with isopropyl 
alcohol [Car08]. This creates pyramidal structures (Figure I-4) that give the surface a low 
reflectivity and enhance thus the light trapping. The reflectivity of a polished silicon surface is 
34% and the reflectivity after texturization is only 11%. The described edging process is not 
efficient for multicrystalline wafers due the random grain orientations. Several texturization 
processes for multicrystalline silicon are under development but have not reached mass 
production. Monocrystalline solar cells have thus a better light trapping which is one of the 
reasons for their higher efficiency. 

I.1.6. Doping  

For the charge separation a p-n junction is necessary. Typically the bulk of the silicon is 
doped with boron (p-type) and one surface of the wafers is doped with phosphorous (n-type). 
A phosphorous containing coating is applied to one surface and then the wafer is sent into an 
oven where the phosphorous diffuses into the silicon. After the diffusion the coating is 
removed. 

For mono-crystalline silicon a transition to the use of n-type silicon is forecast [ITR11]. 
Boron is used instead of phosphorus to dope the front-side of an n-type wafer. N-type solar 
cells do not suffer from light induced efficiency degradation [LF10] as it often happens in p-
type solar cells. 

2 cm 
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I.1.7. Antireflection coating  

On the front side a silicon nitride film is deposited by chemical vapor deposition giving 
the solar cell its characteristic blue color. The antireflection coating reduces the reflections 
and improves so the absorption of the light. 

I.1.8. Contacts  

The electrical contacts are printed onto the wafer. On the rear side the whole surface is 
covered with aluminum while on the front side thin contacts are printed with silver paste. 

Copper may replace the silver contacts because it is cheaper [JPV12]. For the use of 
copper a chemical barrier is necessary to avoid the diffusion of copper into the silicon. The 
reliability of these chemical barriers is one of the issues that need to be controlled for the use 
of this technology.  

After the printing of the metal contacts, the solar cell is heated up in a furnace. First the 
solvents are evaporated at low temperatures. Then the silver and aluminium paste are 
sintered and create a contact with the silicon. 

 
The solar cell is now finished and can be assembled in modules. 

I.2. Overview of alternative purification technologies 
The Siemens process for the purification procedure requires a lot of energy and is 

expensive. It was developed to supply high purity silicon for the semiconductor industry. The 
solar industry needs a lower purity but a larger quantity and therefore cheaper silicon is 
desired. Alternative purification processes have the potential to reduce the cost of solar 
silicon. We present here some technologies that can purify silicon and that can be adapted 
for industry. All technologies are based on these three physical phenomena: 

•  Segregation 
•  Evacuation of impurities or reaction products due to higher solubility 
•  Evacuation of volatile impurities or reaction products 

I.2.1. Segregation  

When a silicon crystal is growing it costs less energy to add a silicon atom to the crystal 
lattice than to add an impurity atom. This microscopic effect leads to a lower macroscopic 
concentration of the impurity in the solid than in the liquid due to a higher solubility of the 
impurity in the liquid. At equilibrium the ratio between the concentrations of an impurity in 
solid and liquid is given by the thermodynamic segregation coefficient. Table I-2 shows the 
thermodynamic segregation coefficient for different elements. When the solidification is slow 
enough, so that the transport in the liquid silicon homogenizes the impurity concentration in 
the liquid efficiently, the effective segregation coefficient is close to the thermodynamic 
segregation coefficient. The solidification can thus be used to purify the silicon 

Segregation works well for elements with small segregation coefficients, while it is not 
very efficient for the elements phosphorous and boron with segregation coefficients close to 
one. There are three silicon refining techniques that use the principle of segregation 
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Impurities Al B C Ca Cu Fe P Ti 
Equilibrium 
segregation 
coefficient 

2.10-3 0.8 0.07 0.05 4.10-4 8.10-6 0.35 10-6 

Table I-2 Equilibrium segregation coefficients for different impurities in silicon 

Directional solidification 

 
Figure I-7 Scheme for a furnace for directional solidification 

During directional solidification the silicon is cooled on one side and solidifies into one 
direction as shown in Figure I-7. The solidification speed is limited by the transport of the 
impurities at the solid-liquid interface towards the liquid bulk. When diffusion is the only 
transport mechanism the solidification should be slow in order to avoid a higher impurity 
concentration above the solid-liquid interface. Air bubbling [And04], electromagnetic stirring 
[LDZ12] and mechanical stirring can be used to homogenize the impurity concentration in the 
liquid silicon by convection. So a higher solidification speed can be used because the 
concentration at the solid-liquid interface remains low. The choice of the crucible is very 
important as crucibles that do not pollute the silicon (typically made of silica) are very 
expensive and can not be reused.  

If several successive solidifications are necessary the first solidifications may be done in 
a crucible that pollutes the silicon only with elements that are efficiently removed in the last 
solidification or during the crystallization. It is important to avoid pollution with elements that 
segregate little, especially phosphorus. 

After the solidification most of the impurities are concentrated in the last solidified ingot 
end. This end is cut off in order to obtain an ingot with a mean concentration that is much 
lower than the initial concentration. Otherwise the silicon melt may be partially solidified so 
that the impurities are concentrated in the last liquid that is poured out. 

In ideal conditions the concentration profile after complete solidification can be calculated 
with the Scheil equation ( I-1 ) [KF86], where k  is the equilibrium segregation coefficient, 0C  

is the concentration before segregation, x  is the position in the ingot and L  is the length of 

solid 

liquid 

Heat source 

Heat sink 

Thermal 
isolation 

Thermal 
isolation 

Solidification 
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the ingot. Figure I-8 shows the result of the Scheil equation for phosphorus and boron with 
different initial concentrations. 
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Figure I-8 Concentration profile of phosphorus and boron before and after directional 
solidification 

Acid leaching 
When the silicon is solidified fast, small grains are growing and the impurities segregate 

to the liquid part. In the liquid part the concentration of the metallic impurities increase above 
the solulibility so that they precipitate in separate phases. These separate phases dissolve 
well in acids and can be removed this way after cooling. As fractures occur mainly at grain 
boundaries, grinding can be used to make the separate phases accessible to the acid. Voos 
[Voo61] patented a process for treating pulverized silicon with aqua regia, H2SO4, HF etc. 
with yield silicon suitable for the application in microwave diodes. Santos [SGS90] reported 
that using hydrochloric acid (16%, 5 h, 80°C) and s ilico n with a relatively coarse fraction (116 
µm) it is possible to remove 85% of the impurities. In the acid leaching process the addition 
of calcium can help to remove phosphorus which would otherwise segregate only little. 
Shimpo [SYM04] reports that the phosphorous content in the silicon was decreased by 
80.4% when adding 5.17 at % calcium. 

Solvent refining 
The solvent refining method was developed to remove also the elements boron and 

phosphorus that have thermodynamic segregation coefficient close to one. A solvent is 
added to the liquid silicon. The solvent is miscible with liquid silicon but not with solid silicon. 
The solvent is chosen so that the segregation coefficient of boron and phosphorus is 
reduced. This can be obtained by an eutectic that reduces the melting temperature. 
Yoshikawa [YM09] showed that the thermodynamic segregation coefficients of phosphorus 
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and boron are reduced to respectively 0.08 and 0.2 in an Si-Al eutectic at 1273 K. Yoshikawa 
[YAM05] reports that the boron content in the silicon was decreased by about 99% when 
adding 60% aluminum and about 600 ppma titanium due to the formation of TiB2. Normal 
segregation in equilibrium would result in a decrease of less than 20%. 

After the solidification of silicon flakes, the remaining liquid aluminum melt can be poured 
out. The remaining aluminum can be removed by acid leaching and directional solidification. 
The company Silicor Materials applies this method. The economic efficiency of the company 
depends also on the sale of the byproducts. 

I.2.2. Evacuation of reaction products due to highe r solubility  

Slag Refining 
Silica sand (SiO2) and lime/limestone (CaO/CaCO3) are added to the liquid silicon. These 

additives oxidize impurities and form a slag. The oxidized impurities have a higher solubility 
in the slag than in the silicon so that they can be removed together with the slag. The alkaline 
earth metals Ca, Al and Mg can be efficiently removed by slag refining due to their high 
reactivity [TST09]. The process is less efficient for boron and phosphorus. Johnston [JB10] 
measured a 9 times higher phosphorus concentration in an Al2O3-CaO-MgO-SiO2 slag in 
equilibrium with silicon. Teixeira et al. [TTY09] measured a five times higher boron 
concentration in a SiO2-CaO slag in equilibrium with silicon. Johnston et al. [JB10] calculated 
the quantity of slag that is needed to reduce the Boron concentration from 15 ppm to 1.5 ppm 
and the Phosphorus concentration from 30 ppm to 1 ppm. For a 9%Al2O3-24%CaO-
33%MgO-34%SiO2 slag the phosphorus concentration is 8.8 higher in the slag than in the 
silicon and the boron concentration is 1.8 times higher. They find thus a slag mass that is 5.5 
times that of silicon. 

I.2.3. Evacuation of volatile impurities and reacti on products  

Vacuum refining 
Dissolved phosphorous has a volatility about 10000 times higher than that of silicon at 

1823 K [MMS96]. Thus, during evaporation the phosphorous content in the melt decreases. 
The evaporation is very slow and it costs a lot of energy to keep the silicon at a high 
temperature. In order to increase the evaporation rate the pressure is reduced and some 
techniques use high power electron beams [YAH01]. 

Moist gas blowing 
Theuerer [The56] blew yet in the 50’s hydrogen with water vapor onto liquid silicon and 

reduced thus the boron content. The water in the gas reacts with boron and forms volatile 
products which are then evacuated by the gas flow. Khattak et al [KJS02] injected moist gas 
in molten silicon. The boron content of a charge of 50 kg silicon was reduced by a factor of 
two in two hours. Nordstrand et al. [NT12] showed that it is possible to purify a 200g silicon 
melt by blowing 3 l/min of hydrogen with water vapor onto the surface of a silicon melt. 

Thermal plasma treatment 
This method is similar to moist gas blowing. A thermal plasma with argon, hydrogen and 

oxygen (or water vapor) is applied to the molten silicon. The hydrogen and oxygen react with 
the boron and form volatile products that are evacuated by the gas flow. 

The method was first applied by Morvan et al [MAC83]. They used a small 12 kW 
inductively coupled plasma torch for the zone melting of the silicon. The gas flow contained 
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Ar with 1% of hydrogen and up to 0.2% of oxygen. Since then the process has been 
continuously improved. One improvement is the use of electromagnetic stirring of the silicon 
melt so that the boron is better transported to the surface of the melt [ATP02]. Another 
improvement is the use of high power plasma torches up to 1.2 MW [NBS04] with high gas 
flows. Fast purification of large quantities of silicon has thus been made possible. 

It could be shown that purification is possible on an industrial scale but the chemical 
reactions of the processes are still poorly understood. Studies of Khattak [KJS02] and 
Degoulange [Deg08] showed that at thermodynamic equilibrium purification with hydrogen 
and oxygen should not be possible because thermodynamic equilibrium calculations give a 
B/Si ratio in the gas phase that is similar to the B/Si ratio in the silicon melt. 

In this study we want to find a better understanding of this process with the objective to 
improve the process. 

I.3. Target Purity 
 

 
Figure I-9 Effect of metallic impurity content (in at/cm-3) in single 

crystal silicon on the normalized efficiency of solar cells 
[Piz10],[DRH80]  

Impurities can reduce the efficiency of a solar cell. Below a maximum concentration the 
effect of the impurity is negligible but above this concentration it degrades the efficiency of 
the solar cells with increasing concentration. Studies on doped single crystal showed that the 
maximum acceptable concentration is very different for different elements (Figure I-9). The 
effect of fast diffusing elements can be reduced by gettering during the cell fabrication 
process so that higher concentration than in indicated by Figure I-9 can be acceptable. 
During the gettering the elements diffuse to locations where they are electrically inactive and 
have therefore no influence on the cell efficiency. 

The cost of the silicon purification by the metallurgical route increases strongly with the 
desired purity level. Therefore it is possible to obtain a lower price for the electricity ($/Wp 
Dollar per Watt peak) with a solar cell that has a sligthly lower efficiency and at the same 
time a lower price due to less pure silicon. In order to optimize the purity level with the lowest 
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price for the electricity one has to analyze the cost of the complete module. Powell et al 
[PWC12] estimated a cost of 0.23$/Wp for the silicon feedstock and 1.29$/Wp for the total 
module. Using a lower quality feedstock with half the price and giving a 9% (relative) lower 
efficiency of the solar cell one obtains thus the same $/Wp for the solar cell. This gives an 
idea about the reduction of efficiency that can be accepted to reduce the cost of the silicon 
feedstock. 

For the metallurgical silicon the concentration of boron and phosphorus is very important 
because they are hard to remove. Delannoy [Del11] reports a maximum accepted 
concentration of 0.5 ppmw of boron and 1.5 ppmw of phosphorus. Elkem [Elk12] announced 
concentrations of less than 0.2 ppmw for boron and 0.62 ppmw for phosphorus. In the two 
specifications the atomic concentrations are similar. When the donor concentration is similar 
to the acceptor concentration they compensate each other and increase the resistivity of the 
silicon. Such a silicon is called compensated silicon. Xiao et al. [XYX12] found that the 
efficiency of a solar cell with compensated silicon with less than 5 ppmw of boron is similar to 
the efficiency of conventional doped silicon. However the formation of boron-oxygen 
complexes can significantly reduce the efficiency at high boron concentrations. This effect 
occurs during the exposure of the solar cell to light and is therefore called light induced 
degradation. [GKR11] 

During the crystalization the phosphorus segregates much more than boron so that one 
obtains a higher P/B ratio at the upper part of the silicon ingot than at the lower part. With 0.4 
ppm of boron and 1.0 ppm of phosphorus as initial concentration 88% of the ingot is p-type 
after solidification and can be used for the solar cell production. Also the resistivity of the 
lingot changes with the phosphorus concentration. With the co-doping of gallium one can 
increase the resistivity and the yield of p-type silicon [KWH10]   

I.4. Economic aspects of alternative purification technology 
The research on the purification processes of silicon for solar cells has the objective to 
reduce the cost of solar energy. As this study aims to understand and improve such a 
process it is important to know the economic aspects that define the cost of the process.  

I.4.1. Scale up of a plasma treatment facility  

An important step towards an economic process is the scale-up. The scale-up helps to 
increase cost effectiveness as operational costs and capital investment do not increase 
linearly with scale. 

A lot of experiments have been done on boron removal of silicon (see Table I-3). 
Nakamura showed that it is possible to scale-up the process. He increased at the same time 
the mass of the silicon charge, the plasma power and the gas flow and obtained so a high 
productivity. During the process the concentration of boron decreases exponentially. A good 
parameter for the productivity of a purification installation is the half-life time divided by the 
mass of the silicon charge T0,5/m. The smaller this factor is the higher is the throughput rate 
of the installation. That means more silicon is purified per unit time.  
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m [kg] 

T0,5 
[min] 

T0,5/m 
[min/kg] 

Plasma 
Power 
[kW] 

Ar 
[m3/h] 

H2 
[m3/h] 

H2O 
[m3/h] 

O2 

[m3/h] 
H2O 

Fraction 
H2+H2O 
Fraction 

[FKM06] 0.003 30 10000  0.06 0 ? 0 ? ? 
[SKS92]  0.006 4 730 10 0.4 0 0.005 0 1.2% 1.2% 
[NT12] 0.2 17 85 0 0 0.18 0.0059 0 3.2% 100% 
[IM96]  0.04 3 75 30 0.9 0 0.012 0.023 1.3% 1.3% 

[KJS02] 2 120 60 0 ? 0 ? 0 ? ? 
This study 2.9 89 31 38 7.3 0.3 0 0.06 1.6% 3.9% 
[NBS04] 2.4 69 29 30 0.9 0 0.09 0 9.5% 9.5% 
[FNP04] 3 67 22 30 4.5 0.15 0 0.038 1.6% 3.2% 
[NBS04] 7 40 5.7 100 13 0 1.2 0 8.5% 8.5% 
[NBS04] 300 80 0.27 650 130 122 12 0 4.6% 50% 

Table I-3 Purification rate and experimental parameters 

I.4.2. Throughput rate  

The throughput rate depends on the one hand on the productivity of the installation which 
is given by T0,5/m and on the other hand on the target boron concentration [B]target and the 
raw material boron concentration [B]start. With equation ( I-4 ), which has been derived from 
the exponential decrease (Equation ( I-2 )), we can calculate the throughput rate using the 
three parameter T0,5/m, [B]start and [B]target. 
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Using [B]target=0.4 ppm and [B]start=8 ppm we can calculate the throughput rate of the 

300 kg installation of Nakamura [NBS04] with T0,5/m=0.27 min/kg 

htminkg
T

m
24/2.1/86.0 ==  ( I-5 ) 

The installation of Nakamura can produce roughly 1.2 tons of silicon per day with a boron 
content of [B]target=0.4 ppm when using silicon with a boron concentration of [B]start=8 ppm as 
raw material. 

I.4.3. Operational cost  

The operational costs of a purification process depend a lot on the concentration of the input 
material and on the desired purity degree. In our estimation for the operational cost we use 
the target concentration of 0.4 ppm for boron and 1.0 ppm for phosphorus as announced by 
Elkem [Elk09]. For the concentration of the raw material we use 8 ppm for boron and 16 ppm 
for phosphorus which is slightly above the concentrations that can be achieved for the raw 
silicon. 
We do not regard the concentration of other impurities because they segregate much better 
than phosphorus so that their concentration should not be a problem. In industrial application 
the pollution of the silicon by other impurities during processing may be a problem. 
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Boron removal by plasma treatment 
Large scale installations have smaller labor costs per purified ton of silicon than small 

scale installations. But the energy and gas consumption per ton of purified silicon are similar 
because they increase linearly with the scale as we can see in Table I-3. The energy 
consumption of the plasma torch in the 300 kg installation of Nakamura is 650 kW [NBS04] 
and we assume that the energy consumption of the crucible is negligible. By multiplying the 
energy consumption with a typical electricity cost of 0.10 €/kWh we can calculate the energy 
cost of the installation to 65 €/h. We divide the energy cost by the throughput rate and obtain 
an energy cost of 0.90 € per kg of purified silicon. Table I-4 shows the main operational costs 
of the purification installation. It costs about 4.60 € to reduce the boron content by a factor 20 
which correspond to the reduction from 8 ppm to 0.4 ppm. These costs do not include the 
labor costs and the cost of capital investment which are probably also important. 

 Consumption Price per Unit Costs per h Costs per kg 
Electricity 650 kW 0.10 €/kWh 65 €/h 1.30 €/kg 

Argon 130 m3/h 1 €/m3 130 €/h 2.50 €/kg 
Hydrogen 122 m3/h 1 €/m3 122 €/h 2.40 €/kg 

Total   317 €/h 6.10 €/kg 
Table I-4 Cost for gas and electricity for the 300 kg installation of Nakamura [NBS04] (the 
costs per kg were calculated for the reduction of the boron concentration from 8 ppm to 0.4 ppm) 

Phosphorus purification by directional solidification 
The major costs of the directional solidification are the costs of energy. The minimum 

energy consumption to heat the silicon up to 1410 °C is 0.27 kWh/kg (Heat capacity 
19.8 J/mol/K) and 0.50 kWh/kg are needed for the fusion enthalpy (50.2 kJ/mol). Typically an 
industrial furnace consumes 1.8 kWh/kg [Apo12] for the fusion of silicon. When the 
segregation is ideal one can solidify two third of the silicon melt to obtain a mean phosphorus 
concentration that is half of the initial concentration (equation ( I-6 )) and the liquid rest has 
thus twice the initial concentration (equation ( I-7 ))  
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In order to reduce the phosphorus content by a factor 16 one would need four 
successive directional solidifications. A factor 16 corresponds to a reduction from 16.0 ppm 
to 1.0 ppm. The last solidified third of the solidification can be recycled in the precedent 
solidification as shown in Figure I-10. In order to calculate the masses, we first calculate the 
mass of the 4. and the 3. solidification. We multiply the target 1 kg by 1.5 and 1.5² because 
only two third of the silicon continues to the next step. For the 2. solidification we have to 
subtract the recycled part of the 4. solidification (0.5 kg) from the mass of the 3. solidification 
(2.25 kg) and multiply than by 1.5 and obtain thus 2.63 kg. The calculation of the mass of the 
1. solidification is similar. We present all masses in Table I-5. 

We can so sum over the masses of all solidification steps and find that we need to melt 
9.2 kg of silicon to obtain 1 kg of silicon with a phosphorus concentration that is 16 times 
lower than that of the raw material. We multiply the 9.2 kg/kg with the energy cost of the 
fusion 1.8 kWh/kg and obtain a total energy cost of 16.6 kWh/kg (1.66 €/kg) for the process 
with four segregations.  



                                                                                                                              I. Introduction 

 13 

 
Figure I-10 Schematic for a for purification process with four purifications (2/3 of the charge 
is solidified and has half of the initial phosphorus concentration, the liquid 1/3 has twice the 

initial concentration and is recycled in the solidifcation before) 

 
Output [kg] 

No 
Input 
ppm 

Output 
ppm 

Input 
[kg] Solid Liquid 

4 2.0 1.0 1.50 1.00 0.50 
3 4.0 2.0 2.25 1.50 0.75 
2 8.0 4.0 2.63 1.75 0.88 
1 16.0 8.0 2.81 1.88 0.94 
  Sum : 9.2 kg   

Table I-5 Mass of each solidification for a continuous flow with four solidifications 

We repeat the calculation for different numbers of solidification and present the results in 
Table I-6. The total mass of silicon melted and thus the energy consumption increase only 
slowly when increasing the number of solidification. Each supplementary solidification 
decreases the final phosphorus concentration by a factor two. 

Such a process is very sensible to the effective segregation coefficient that can be 
obtained. Liquid inclusions between grains and insufficient stirring can lead to a higher 
phosphorus concentration in the solid silicon. The higher concentration can be approximately 
described with a Scheil law with a higher effective segregation coefficient. In Table I-7 we 
show the calculated energy and raw silicon consumption for different effective segregation 
coefficients and different number of solidification. The segregated ratio was calculated so 
that the final phosphorus concentration is 16 times lower than that of the raw silicon. The 
remaining silicon is recycled in the solidification before (similar to Figure I-10). In the 
calculation we took into account the mixing of pure and less pure silicon. For an effective 
segregation coefficient of 0.45 the energy and raw silicon consumption is much lower when 
using five instead of four solidifications. However for an effective segregation coefficient of 
0.45 the consumption (energy and silicon) is still significantly higher than for an effective 
segregation coefficient of 0.35. 

2.63 kg 
8 ppm 

2.25 kg 
4 ppm 

1 kg 
1.0 ppm 

1.50 kg 
2 ppm 

1. Solidification 

3. Solidification 

2/3 

1/3 

2. Solidification 

4. Solidification 

2.81 kg 
16 ppm 
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Number of Solidifications 6 5 4 3 2 1 
Input concentration / Output concentration 64 32 16 8 4 2 
Total mass of Si melted [kg] 15.0 12.1 9.2 6.4 3.8 1.5 
Energy Consumption [kWh] 27.0 21.8 16.6 11.5 6.8 2.7 

Table I-6 Energy consumption to obtain 1 kg of pure silicon and removal ratio in dependency 
of the number of solidifications  

Number of Solidifications 4 4 4 5 5 5 
Effective segregation coefficient 0,35 0,4 0,45 0,35 0,4 0,45 
Segregated ratio 70% 60% 46% 78% 71% 64% 
Total mass of Si melted [kg] 8,2 12 26 8,2 10 14 
Energy consumption [kWh] 15 22 47 15 18,5 24 
Raw silicon consumption [kg] 1.7 2.6 7.1 1.4 1.7 2.2 

Table I-7 Consumptions to obtain 1 kg of silicon with 16 times lower phosphorus 
concentration in dependency of the effective segregation coefficient and the number of 

solidifications  

Conclusion on operational costs 
Even though cost estimations given here are very rough they still show that this 

technology can be competitive to the Siemens process with costs that are around 50 €/kg 
[SSC10]. However at the redaction of this study, on August 2012, the average price of solar 
silicon at the market was 17.70 $/kg [Pvi12]. At this price a combination of plasma refining 
and segregation can hardly be economically viable. 

An approach that may significantly reduce the energy consumption is that of Khattak 
[KJS02] and Nordstrand [NT12] who do not use plasma torches. Khattak injects the argon 
and steam at the bottom of a crucible while Nordstrand blows argon, hydrogen and steam on 
the surface of the silicon melt. Nordstrand does not use a plasma torch and his gas 
consumption per kg of purified silicon is similar to that of Nakamura. By up scaling it may be 
possible to reduce operational costs compared to those of Nakamura. Khattak gives no 
information about the gas consumption. 

I.5. Conclusion 
We have presented the current technology that is typically used for the production of 

solar cells. Then we presented several technologies that have the potential to produce silicon 
with lower purity at lower costs than the siemens process. We discussed the purity 
necessary for the production of solar cells. Then we estimated qualitatively the costs of a 
purification process using the combination of directional solidification and plasma refining. 
We identified the parameters energy consumption and gas consumption as important costs 
of the purification process. We also discussed that up-scaling can reduce the costs of the 
process. 

When a new setup is implemented (up-scaling) it is important to adapt different 
parameters in order to achieve the highest possible deboronization rate. One should optimize 
the temperature, concentration and velocity profile of the plasma. The parameters that can 
be modified are the power, the gas flows and the geometry of the plasma torch. So far the 
process is poorly understood so that improvements could only be obtained by empirical 
studies. With a better understanding it would be easier to optimize a setup and to up-scale 
the process. 

The objective of this study is to obtain a better understanding of the mass transfer and 
the reactions that play a role in the process. For this we first analyze and improve a basic 
mass transfer system in order to identify the steps that are likely to be rate limiting (chapter 
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II). A computational fluid dynamics model was elaborated at SIMaP by Mickael Majchrzak. 
This model simulates the plasma and can thus calculate the mass transfer to the silicon 
surface. The validation of this model by spectroscopy is the most important point of this 
study. In chapter III we present the theory that is necessary for the understanding of the 
spectroscopic method. In chapter IV we present the experimental facilities for the 
implementation of the method. In chapter V the results of the spectroscopic measurements 
are shown and compared to the model. In chapter VI we present tests of the method for the 
velocity measurement and the measurements of the coupling of the inductively coupled 
plasma torch. In Chapter VII we present parametric tests of the purification efficiency. 
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II. Boron removal by gas blowing 
In chapter I we have presented an overview on the purification technologies for silicon for 

solar cells. Now we want to focus on the plasma refining process. We also include the gas 
blowing process without plasma because it is very similar. First we present a simplified mass 
transfer model and the parameters that are generally used for the characterization of the 
efficiency of such a process. We then analyse the empirical relations between the removal 
rate and the experimental parameters using data from literature. A new point presented in 
this chapter is that we compare different results from literature to chemical equilibrium 
calculation. We show that the reactions at the silicon surface are probably at chemical 
equilibrium. This indicates that the reactions at the surface are not the rate limiting step, 
which is in contradiction with most papers in literature. Then we analyze the literature about 
the oxidation of silicon because this reaction plays an important role in the process. On the 
one hand the formation of a silica layer at the surface hinders the purification. On the other 
hand the formation of a silica aerosol may have a significant influence on the efficiency of the 
process. 

II.1. The simplified mass transfer model 
To our knowledge literature agrees that the boron reacts with species consisting of H and 

O (H2O, H2, H, O) from the gas flow to form volatile compounds. The mass transfer (transport 
and/or reaction kinetics) is therefore a priori the key point to optimize this gas blowing 
purification process (plasma refining process and cold gas blowing process). 

 
Figure II.1 shows a simplified mass transfer system for the gas blowing process. The 

transport mechanisms are convection (1 and 5) and diffusion (2, 4 and 6). The reaction (3) 
takes place at the interface between the silicon and the gas phase. The concentrations in the 
bulk gas are equal to the concentrations in the injected gas flow and the concentrations in 
the bulk liquid are equal to the concentrations in the silicon melt. In the two boundary layers 
the diffusion flux can be calculated with Fick’s law (Equation ( II-1 )). J  (mol/m2/s ) is the 
calculated diffusion flux, D  (m2/s) is the diffusion coefficient, φ∆  (mol/m3) is the 

concentration difference between the surface and the bulk and x∆  (m) is the thickness of the 
boundary layer which in turn depends on the convection steps (1 and 5). At the interface, the 
global reactions taking place are given by ( II-2 ) and ( II-3 ). These global reactions can be 
deduced from the reactants involved in the process and from the products present at 
chemical equilibrium. In the plasma process the reactions with the radicals O and H have to 
be added. 

 
 

x
DJ

∆
∆−= φ

 ( II-1 ) 

22 HSiOOHSi +→+  ( II-2 ) 

22 5.0 HHBOOHB +→+  ( II-3 ) 
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Figure II.1 Mass transfer model of the gas blowing purification process 

1) Convection of silicon and boron 
2) Diffusion of boron across the liquid boundary layer 

3) Reaction of boron and silicon with water vapour 
4) Diffusion of water vapour across the gaseous boundary layer 

5) Convection of argon, hydrogen and water vapour 
6) Slow diffusion of SiO2 aerosol and fast diffusion of gaseous HBO2 

 
Literature suggests that the reaction rate of the reaction at the surface (3) is rate limiting. 

However, we show in II.6 that these reactions are probably very fast. Probably the mass 
transfer in the gas phase (4, 5 and 6) is rate limiting. 

The boron concentration follows a first order law, which has been verified by many 
studies [NBS04], [FNP04], [NT12]. Thus, the flow of boron across the surface is proportional 
to the the boron concentration in the bulk silicon. This can be explained by diffusion as rate 
limiting step but also by chemical reactions (with a first order reaction of B) as rate limiting 
step. 

Equation ( II-4 ) gives the differential equation of a first order law, where [B] (kg/m3) is the 
boron concentration in the melt and the decay rate K (s-1) is the proportionality constant 
between the concentration and its time derivative. The boron concentration decreases thus 
exponentially ( II-5 ). The proportionality constant K or the half-life of the boron concentration 
T0.5 ( II-6 ) can be used for the comparison of different experiments with the same silicon 
melt. For the comparison of different silicon melts, with different surface area and different 
volumes it is convenient to define the constant k (m/s) given by equation ( II-7 ). V (m3) is the 
volume of the melt and A (m2) is the surface area of the melt. The constant k can be seen as 
the flow velocity of the boron atoms towards the surface. This constant is often used in 
literature and gives the efficiency of the process per surface area. 

 

5) Ar, H2, H2O, O, H 

4) H2O, O H 

2) B 

1) B, Si 

3) Reaction 

6) SiO2, HBO2 
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Multiplying k with the boron concentration [B] and the surface area A gives the total mass 
flow of boron JB (kg/s) that quits the silicon melt. This mass flow is independent of the volume 
of the silicon melt (Equation ( II-8 )). 

When using k one has to keep in mind, that this is the mean value of the mass flow per 
unit area which is probably not uniform because of the non uniform gas flow above the 
surface.  

The boron flux across the silicon surface is independent of the mass of the silicon melt. 
In order to quantify the productivity of an installation we can divide the half-life time T0.5 by the 
mass of the crucible m: T0.5/m. Two installations with the same T0.5/m can purify the same 
quantity of silicon per unit time. 

In this mass transfer model (Figure II.1) there are some uncertainties that are treated in 
this study. When the study was started we believed that the chemical reactions (3) are the 
limiting step. Therefore the radicals of the plasma should have an important role. For this 
reason we developed a method to characterize the plasma and to test a computational fluid 
dynamic (CFD) model. The CFD model was developed by M. Majchrzak and S. Nosaris. The 
CFD model can then simulate the mass flux of the radicals arriving at the surface.  Therefore, 
the characterization of the plasma is the main part of the present study. 

During the study we obtained results showing that the radicals have not such an 
important role. We analyzed the chemical equilibrium at the surface and found that the 
chemical reactions are probably not a rate limiting step (chapter II.5). When the chemical 
reactions are fast the transport of reactants to the surface and the evacuation of reaction 
products remain as rate limiting steps. For the evacuation of the reaction products the 
reactions in the gas phase need to be included. A calculation of the chemical equilibrium in 
the gas phase shows that probably a SiO2 aerosol gets formed. The formation of the aerosol 
may explain why the evacuated B/Si flux ratio is higher than the [B]/[Si] concentration ratio at 
the surface of the silicon melt. 

II.1.1. The limits of a mass transfer model with se paration of 
convection and diffusion 

The mass tansfer system that separates convection and diffusion is however a 
simplification, that is often used in literature devoted to process engineering. The separation 
of convection and diffusion allows to study easily the interaction of chemical reactions and 
diffusion. The application of Fick’s law across the whole boundary layer is however 
misleading as we want to show here. 

][/][ BKdtBd −=  ( II-4 ) 

)exp(][][ 0 KtBB t −×= =  ( II-5 ) 

K
T

2ln
5.0 =  ( II-6 ) 

A

VK
k

×=  ( II-7 ) 

][BAkJB ××=  ( II-8 ) 
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Figure II.2 Schema of the laminar boundary layer of a flat plane with two species with 

different diffusion coefficients. BL u is the dynamic boundary layer, BL 1 and BL 2 
are the concentration boundary layers of the species 1 and 2 

The graph shows that the diffusion is not uniform and not proportional to the diffusion 
coefficient  

In a real boundary layer the limit between diffusive transport and convective transport is 
gradual. In the zone next to the surface the transport is mainly diffusive whereas far away the 
transport is mainly convective. Figure II.2 shows the velocity boundary layer and 
concentration boundary layer of two species with different diffusion coefficients in the 
boundary layer of a flat plane. The thickness of the dynamic boundary layer (velocity) can be 
defined by the height, where the velocity u is 99% of the velocity ∞u  (reached far from the 

plate at the scale of the boundary layer). For diffusion towards a non polluted gas ( 0=∞c ), 

the thickness of the boundary layer for the concentrations can be defined by the height, 

where the concentration is 1% of the concentration at the surface σc . 
We can see in Figure II.2 that the thickness of the three boundary layers (BL u, BL 1 BL 

2) increases in the direction of the gas flow. Thus for a uniform concentration at the surface 
σc , the diffusion flux density is not uniform, as it is suggested by the simplified mass transfer 

model. Mass transfer correlations can be used to quantify the effective thickness as a 
function of the flow regime (turbulent or laminar) and the Schmidt number ( II-9 ) 

 (υ  (m2/s) kinematic viscosity, D  (m2/s) diffusion coefficient). 
From these correlations one can deduce that a species 1 with a higher diffusion 

coefficient than a species 2 ( 21 DD > ), also has a thicker boundary layer ( 21 δδ > ). The 

diffusion flux at the wall (proportional to the diffusion coefficient and to the inverse of the 
thickness) is still higher. The diffusion flux is thus not proportional to the diffusion coefficient 
as it seems from the simplified mass transfer model used with a constant boundary layer 
thickness. 

Cussler [Cus97] gives equation ( II-10 ) for the relation between the thickness of the 
boundary layer and equation ( II-11 ) for the relation between the diffusion fluxes of two 
species with different diffusion coefficients. 
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The higher the diffusivity or the fluid flow velocity, the thinner is the boundary layer. A 
thinner boundary layer has a higher concentration gradient at the surface and thus a higher 
net transport. The strong variation of the gas temperature from the surface to the hot gas (if a 
plasma is used) or to the cold gas (without plasma) further complexify the situation because 
of temperature dependant gas-phase reactions or density variations. 

II.2. Empirical relations from literature 
Several papers deal with the purification of silicon by gas blowing. On the following 

pages we present the empirical relations that have been collected in the literature. Most data 
are from the papers of Alemany et al [ALD03], Nakamura et al. [NBS04] (Figure II-4) and 
Nordstrand et al. [NT12] (Figure II-3). They blew an Ar-H2-H2O mixture onto the surface of 
the liquid silicon that is held in a crucible. [ALD03] and [NBS04] used a plasma torch to heat 
up the gases to several thousands of degrees Celsius whereas [NT12] heat the gases just a 
little to avoid condensation of the water vapor. [ALD03] had a similar setup as [NBS04], but 
with a cold crucible, which maintains the silicon temperature at its melting temperature and a 
inductively coupled plasma torch instead of an arc torch. [ALD03] injected Ar, O2 and H2 into 
the plasma but as the molecules get dissociated in the plasma this is equivalent to the 
injection of H2 and H2O. 

 

 

 
Figure II-3 Schematic of the setup of 

Nordstrand et al. [NT12] 
 Figure II-4 Schematic of the setup of Nakamura et 

al. [NBS04] 

II.2.1. The role of water vapour 

The boron removal rate increases with the oxygen or water vapor concentration until a 
silica layer gets formed. This has been observed by different studies.  

Previously in our group, Alemany et al. [ALD03] observed that the boron removal rate 
increases linearly with the oxygen concentration up to a total oxygen concentration of 0.8% 
(Figure II-5). At this concentration a silica layer was formed on the surface of the silicon and 
the boron removal rate decreased significantly. Nakamura et al. [NBS04] (Figure II-6) 
observed this linear increase up to a water vapor concentration of 8.5% without the formation 
of a silica layer. This corresponds to an oxygen concentration of 4.2%. Several differences 
may explain the higher oxygen concentration of [NBS04]: 

a) [ALD03] used an inductively coupled plasma torch while [NBS04] used an arc 
torch. 
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b) The silicon temperature in the experiments of [ALD03] was lower than in the 
experiment of [NBS04]. 

The formation of the silica layer explains the use of oxygen contents lower than 4.2% in 
previous experiments. At higher oxygen concentration silica layer gets formed and the 
reaction between the gas and the liquid phase is blocked. 

Rousseau et al. [RBM07] observed the emission of the boron lines in the plasma above 
the silicon surface. The intensity of the boron lines increased linearly with the concentration 
of oxygen in the plasma. This corresponds to the increase of the boron removal rate with the 
oxygen concentration. 
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Figure II-5 Dependance of the boron 

concentration in the exhaust gases on the 
reactive gas content [ALD03] 

TSi=1687 K 

 Figure II-6 Relation between H2O content, 
the silicon mass and deboronization rate 

[NBS04] 
TSi=1823-1973 K 

II.2.2. The role of hydrogen 

The boron removal rate increases with the concentration of hydrogen. This has been 
observed by different studies. [ALD03] ( Figure II-5) observed a strong increase of the 
deboronization rate from 0% to 0.5% of hydrogen. They also observed a very small 
deboronization rate when no hydrogen is injected. This indicates the importance of the 
reaction products HxByOz. Nakamura et al. [NBS04] blew an Ar-H2-H2O mixture heated by a 
plasma arc torch onto the silicon surface. Figure II-8 shows the result of [NBS04]. They 
observed only a small increase between 0% and 30% of hydrogen but a strong increase 
between 30% and 50%. Figure II-7 shows the results of Nordstrand et al. [NT12]. They blew 
an Ar-H2-H2O mixture onto the surface of the silicon. The deboronization rate increased with 
increasing hydrogen concentration up to 50% of hydrogen and then saturation occurs. From 
another figure in the same paper we can deduce that the points at 50% and 75% have been 
swapped in this figure, so that the real increase is close to a square root curve and agrees 
with chemical equilibrium, as we will show later. 

While [ALD03] and [NT12] observed a strong increase at low hydrogen concentrations 
this is not the case in [NBS04]. Both, [NBS04] and [NT12], observed that the deboronization 
rate at 50% hydrogen is about four times higher than the deboronization rate with 0 % 
hydrogen besides the water vapor. 
Suzuki et al. [SKS92] observed that, when they added O2 or CO2 to the Ar of the arc torch, a 
silica layer was formed. When they added H2O instead, this silica layer did not occur. They 
attributed this effect to the thermal equilibrium between SiO2 and Si(l) at the surface, which is 
shiftet towards Si(l) by the addition of hydrogen. The high thermal conductivity of hydrogen 
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may also reduce the formation of the silica layer by increasing the temperature of the 
gaseous and liquid boundary layer. 

 

 

 

Figure II-7 Relation between H2 content and 
deboronization rate in the setup of 
Nordstrand without plasma [NT12] 

 Figure II-8 Relation between H2 content and 
deboronization rate in the setup of 
Nakamura with plasma [NBS04] 

 

 
Figure II-9 Relation between silicon 

temperature and deboronization rate 
[NT12] 

II.2.3. The role of the silicon temperature 

During previous studies in our group, Degoulange [Deg08] could show qualitatively that 
the deboronization rate decreases when the temperature increases. However he could not 
measure the temperature of the silicon melt because the plasma disturbed both 
thermocouples and pyrometers. Fourmond et al. [FNP04], previously in our group, found 
that, when they increased the silicon temperature by 150 K, they could inject twice the 
concentration of oxygen without forming the silica layer. They measured the purification rate 
with 0.8% oxygen and at a 150 K higher temperature with 1.6% oxygen. They used two 
different crucible sizes and obtained a similar purification rate of 26 min/kg (T0.5/m)[Del09]. 
The higher oxygen concentration compensates thus the effect of the silicon temperature. 
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[NT12] (Figure II-9) measured quantitatively the influence of the temperature on the 
deboronization rate. They observed that the deboronization rate decreased by a factor 0.7 
when the silicon temperature was increased from 1723 K to 1873 K. This factor agrees with 
chemical equilibrium as we will show later. 

II.2.4. The role of the gas velocity and gas temper ature 

Most of the purification studies have been done with plasma torches. In plasma torches it 
is difficult to modify the gas velocity without modifying the gas temperature. Furthermore the 
gas velocity and temperature depend on the position at the silicon surface. So far no study 
has measured the influence of gas velocity and gas temperature separately. 

Nakamura et al. [NBS04] observed that, when they blew the gases without the plasma 
heating onto the silicon surface, a silica layer was formed on the silicon. Nordstrand et al. 
[NT12] calculated that the boron removal rate per surface area with plasma torches is 6 
times faster than without plasma torches. They blew the gases without plasma heating onto 
the surface and did not observe a silica layer. The higher boron removal rate with plasma 
can be attributed to the higher gas temperature, the higher flow velocity, the higher oxygen 
concentration ( the molar fraction of [H2O] was 4.6% for [NBS04] and 3.2% for [NT12] see 
Table I-3) or another characteristic of the gas flow. 

[NBS04] observed that the deboronization rate does not directly depend on the plasma 
gas flow rate. It is not clear how the plasma gas flow rate influences the gas velocity and 
temperature at the silicon surface. [NBS04] observed that plasma torches with a high gas 
flow and a high power lead to a higher purification rate. 

In our group, Pelletier [Pel06] measured the graving of a graphite target under a plasma 
torch with argon and oxygen. He observed that the graving rate was divided by 2.5 when he 
extinguished the plasma. As the graphite has a high reactivity at the temperature used in the 
study (1600 K-1800 K, diffusion limited oxidation), this indicates that a higher quantity of 
oxygen arrives at the graphite surface when the plasma is ignited. This could be due to the 
higher gas velocity or to the higher gas temperature. 

II.2.5. The role of the silicon surface area 

Nakamura et al. [NBS04] varied the distance between the plasma torch tip and the 
silicon surface. They observed a dimple with a free silicon surface and the silicon around was 
covered by a silica layer. The size of the dimple changed when the distance between the 
plasma torch tip and the silicon surface was varied. They calculated the surface area of the 
dimple and plotted the deboronization rate versus this surface area. This plot shows a linear 
relation between the surface area of the dimple and the deboronization rate. However the 
change of the distance between the plasma torch and the silicon modifies not only the 
surface area of the dimple but also the gas temperature and the gas velocity at the silicon 
surface. 

The graving experiments of [Pel06],[DPB09] showed that the graving and thus the oxygen 
flux arriving at the graphite surface are not uniform. The oxygen flux decreased with the 
distance from the axis of the torch. This indicates that the deboronization is smaller at a high 
distance from the axis of the torch. An increase of the surface area of the silicon melt above 
the diameter where the deboronization rate is high is thus probably inefficient. 

II.2.6. The role of the mass of the silicon melt 

The half-life time T0,5 of the boron concentration in the silicon melt is proportional to the 
mass of the silicon melt. Alemany et al. [ALD03] found the same boron concentration in the 
exhaust gases when using a 3 kg crucible and when using a 10 kg crucible (Figure II-7). 
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Nakamura et al. [NBS04] found that the deboronization rate is inversely proportional to the 
mass of silicon melt when they used the same plasma for a 0.6 kg melt and a 2.4 kg melt 
(Figure II-6). The half life divided by the mass T0,5/m is therefore independant of the silicon 
mass and a good indicator for the productivity of the installation. 

II.2.7. The role of stirring 

Degoulange [Deg08] found that the temperature of the silicon surface below the plasma 
is higher without stirring than with stirring. He also found that the stirring may be important to 
transport the boron to the surface 

Nakamura et al. [NBS04], on the contrary, found that an additional stirring had in his 
setup no influence on the deboronization rate. However, because of the high velocity of the 
gas flow provided by an arc torch (this strong jet is responsible for the „dimple”), there should 
always be a sufficient stirring in their facility. 

II.2.8. Conclusion on the empirical relation ships 

The empirical relationships show that the purification rate in the term of T0,5/m is 
maximum when the concentration of water vapor or oxygen is close to the limit of the 
formation of a silica layer and when hydrogen is used instead of argon as carrier gas. 
However the operation of a plasma torch typically needs argon. 

In plasma torches a higher gas flow leads only to a higher purification rate when the 
power is increased at the same time. A higher silicon temperature reduces the purification 
rate. However, this reduction may be compensated or even overcompensated by a higher 
oxygen concentration that can then be used without the formation of the silica layer. The 
silicon surface area should be adapted to the gas flow. 

The dependence on the oxygen and the limitation due to a silica layer was further 
investigated by a literature survey about silicon oxidation (part II.4) and the dependence on 
hydrogen was studied using thermodynamic calculations (part II.5). The discussion in part 
II.7 suggests that a silica aerosol plays an important role. This hypothesis will be confronted 
to the experiments in chapter VII. 

II.3. Oxidation of silicon 
The oxidation of silicon with an oxidizing gas (H2O) plays an important role in the 

purification process. Some papers have already studied the oxidation of solid and liquid 
silicon. There exist two different oxidation regimes. In the so called passive oxidation regime 
an oxide layer limits the oxygen flux to the silicon surface. In the active oxidation regime the 
diffusion of oxygen in the gas boundary layer limits the oxygen flux to the silicon surface. The 
coexistance of the two oxides SiO or SiO2 makes the active oxidation complexe. There are 
different models describing the diffusion and chemical reactions in the active oxidation 
regime. The models predict the conditions for the transition to the passive oxidation regime. 
However the conditions that are predicted by the different models for the transition are 
different. All models use the assumption of a laminar boundary layer with a constant 
temperature. They use the simplified model with separation of diffusion and convection and 
one thickness of the boundary layer for all species. These models are presented and 
compared in the following. 

II.3.1. Wagner’s model 

Wagner [Wag58] proposes a simple model to describe the transition from active 
oxidation to passive oxidation. For the active oxidation he assumes that the reactions at the 
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interface are very fast and no reactions take place in the gas phase. The oxidation is thus 
limited by the diffusion of the molecular oxygen O2 across the boundary layer. 

He assumes that the reactions are very fast so that the species at the surface are in 
chemical equilibrium. This implies that nearly all the oxygen is in the form of SiO and that the 
O2 concentration is close to zero at the surface. The boundary layer consists only of a neutral 
gas, dioxygen and SiO. 

Figure II-10 shows the concentration profiles of the active oxidation model of Wagner.  
The concentration of SiO at the silicon surface is more than twice as high as the gas bulk 
concentration of O2 because the diffusion coefficient of SiO is by a factor 0.64 [RRA01] 
smaller than the diffusion coefficient of O2. The flow of silicon atoms across the boundary 
layer is therefore equal to the flow of SiO and twice the flow of oxygen (Equation ( II-12 )). 
The oxygen flow can be calculated using the diffusion coefficient 

2OD , the oxygen partial 

pressure in the bulk 0

2Op , the ideal gas constant Rand the thickness of the boundary layer 

2Oδ  (Equation ( II-13 )). 
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Figure II-10 Concentration profiles 

calculated with the active oxidation model 
of Wagner [Wag58] 

Bulk concentration of O2 = 0.1% 

 Figure II-11 Oxidation rate jSi of silicon in 
oxygen-helium mixtures of constant total 

pressure at 1410 °C as a function of oxygen 
partial pressure 0

2Op  [Wag58] 

When the oxygen concentration in the bulk is increased, the concentration of SiO at the 
silicon surface increases proportionally. When the SiO concentration reaches the equilibrium 
partial pressure of the reaction 22 SiOSiSiO +↔  a silica layer gets formed (passive 

oxidation). This silica layer hinders the reaction between the oxygen and the silicon and the 
oxidation rate drops radically (see Figure II-11). The bulk oxygen concentration must be 
reduced to a very low value to remove the silica layer. Once the silica layer is removed, the 
oxygen concentration can be increased again to obtain a higher oxidation rate. In Figure II-11 
one can see this hysteresis behaviour of the oxidation rate. A similar behaviour was also 
observed in the purification process. 
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II.3.2. Turkdogan’s model 

 
Figure II-12 a) Partial pressure profiles in Turkdogans [TGD63] counter flux model of metal 

vapour and oxygen an SiO2 aerosol is formed at x(SiO2) 
b) dependence of the silicon flux on the distance x(SiO2) 

Turkdogan et al. [TGD63] suggest a counter flux model for the oxidation of the silicon. 
The oxygen and the silicon diffuse towards the point x(SiO2) where they react to SiO2 which 
forms an aerosol and is evacuated by the gas flow. At the silicon surface the partial pressure 

of silicon is s
Sip  and at the distance δ , which is the thickness of the boundary layer, the 

partial pressure of oxygen is equal to the partial pressure of oxygen in the bulk 0

2Op  (Figure 

II-12 a). At x(SiO2) the partial pressure of silicon and oxygen is very small compared to s
Sip  

and 0

2Op  respectively. The maximum flux of silicon is equal to the evaporation rate of silicon 

in vacuum, which is given by the Langmuir equation of evaporation ( II-14 ) (Figure II-12 b) .  
Below the maximum flux the silicon flux is equal to the oxygen flux. Above the maximum flux 
a silica layer is formed and the silicon flux drops radically, similar to Wagner’s model. While 
the formation of the silica layer in Wagner’s model depends only on the oxygen partial 
pressure in the bulk, it depends in Turkdogan’s model only on the oxygen flux to the surface. 
In Turkdogan’s model the silica layer appears at a lower oxygen partial pressure, when the 
velocity is higher and thus the boundary layer is thinner. Measurements on iron and other 
metals confirmed this conclusion. 
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molgM Si /28=  is the molar mass of silicon. 

II.3.3. Ratto’s model 

Ratto et al. [RRA01] proposed a model of the oxidation of the silicon, which is taking into 
account the reaction between Si and O2 in the gas phase. The species taken into account 
are Si, SiO, SiO2 and O2. They assumed that the reactions in the gas phase are very fast so 
that the system is everywhere in chemical equilibrium. The formation of SiO2 aerosol is taken 
into account by a sink term, which means that similar to Turkdogan’s model the transport of 
the aerosol is not taken into account. The model does not predict the formation of a silica 
layer but it shows that active oxidation is possbile for oxygen concentrations higher than the 
maximum concentrations predicted by Wagner’s model. Below a oxygen pressures of 
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0.01 Pa Ratto’s model gives the same result as Wagner’s model. The main transport is due 
to silicon and oxygen, similar to Turkdogan’s model. 

 

 
Figure II-13 Pressure profiles vs ζ . T=1750K, PapO 1.00

2
= . Solid lines = 

instaneous reactions. Dashed curves = no reaction, vertical dashed lines: 
heterogeneous layer with aerosol formation [RRA01] 

(a) 0
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2Op , Sip , SiOp  partial pressure of O2, Si, SiO 
0

2Op  partial pressure of O2 in the gas bulk 
s
Sip  saturation partial pressure of Si 

σ
SiOp , σ

2SiOp  partial pressure of SiO, SiO2 at the metal surface 

ζ  dimensionless spatial coordinate with origin at the interface and perpendicular 
to it 

[RRA01] calculated the pressure profiles with a partial pressure of 0.1 Pa in the bulk gas 
as shown in Figure II-13. The profiles consist of three different layers. ζ  is an dimensionless 

number that defines the position in the boundary layer. The silicon surface is at 0=ζ . 1=ζ  

is the distance where the concentrations are equal to the concentrations in the bulk gas.  
At ζ <0.49 they obtained a homogenous layer of reducing atmosphere (high Si partial 

pressure). 
At 0.63<ζ  they obtained a homogenous layer of oxidizing atmosphere (high O2 partial 

pressure). 
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At 0.49<ζ <0.63 their model gives an heterogenous layer. In this heterogeneous layer 

O2 and Si react to SiO2. SiO2 is at saturation vapour pressure and therefore condenses to an 
aerosol 

The graphs a and b in Figure II-13 show the partial pressure of Si and O2 respectively. 
Their profiles are very similar to Turkdogan’s model with a small difference in the 
heterogenous layer 0.49<ζ <0.63. The constant concentration gradient of silicon and oxygen 

show that the transport of these species is not influenced by reactions from the other 
species. 

The pressure profiles that are presented in Figure II-13 have been calculated for a 
oxygen partial pressure of 0.1 Pa in the gas bulk. This is much lower than 1000 Pa which 
would correspond to the typical atomic oxygen concentration in the gas blowing purification 
process.  

We want to analyze how the pressure profiles change when we increase the partial 
pressure of oxygen from 0.1 Pa to 1000 Pa. The position of the heterogeneous layer is given 
by the diffusion rate of the silicon and the oxygen. The silicon partial pressure above the 
surface remains the same whereas the oxygen partial pressure is increased by a factor 
10000. Thus, the heterogeneous layer moves very close to the silicon surface. 

We approximate the thickness of the homogenous layer above the silicon surface 

(reducing atmosphere) using the oxygen flux density 12002.0 −− ××= smkgjo  from the 

numerical model of Pelletier et al. [PDT10]. We assume that the silicon molar flux is half of 
the molar flux of atomic oxygen so that SiO2 can be formed ( II-15 ). We assume that silicon 
is only transported by diffusion from the silicon surface, where it is at the equilibrium 
pressure, towards the limit of the homogeneous boundary layer, where the partial pressure of 
silicon is zero. We use the vapor pressure and diffusion coefficient from [RRA01]. 

The calculated thickness of 40 nm ( II-16 ) is smaller than the mean free path of 
molecules in air at ambient pressure and 1750 K which is approximately 380 nm [Jen88]. 
This indicates that a two layer model with a heterogeneous layer at the silicon surface and 
homogenous layer above may be sufficient for the description of the boundary layer. 

This model does not take into account the transport of the SiO2 aerosol which should 
diffuse towards the gaseous bulk (where it is evacuated) or towards the surface (where it is 
reduced). The diffusion towards the surface may modify the heterogeneous layer. The 
formation and reduction of the aerosol may lead to high aerosol concentration gradients with 
a significant mass flux, especially at high oxygen concentrations. 

II.3.4. Comparison of the different models to measu rements 

All in all, the three models [Wag58], [TGD63] and [RRA01] give a boundary layer where 
the dioxygen concentration decreases from the bulk to the surface (or to the edge of the 
heterogeneous layer), with a gradient related to the oxygen flux by Fick’s law. The oxygen is 
evacuated back under the form of SiO [Wag58] or it is removed at the point where it 
condensates in the form of SiO2 as aerosol in the gas [TGD63],[RRA01].  

In all models the silicon flux that is oxidized is proportional to the oxygen flux that arrives 
at the surface. However in [Wag58] the silicon flux is twice the oxygen flux while the silicon 
flux is equal to the oxygen flux in [TGD63] and [RRA01]. 

There is a fundamental difference for the transition between the active and passive 
oxidation regime. In [Wag58] the transition is independent of the oxygen flux and depends 

12 //06.05.0 smmolJJ oSi ==  ( II-15 ) 

nmm
RTJ

pD

J

CD

Si

S
SiSi

Si

Si 40
175031.806.0
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1 =××

×=×=∆=δ  ( II-16 ) 
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only on the oxygen concentration and the temperature dependent formation of SiO. In 
[TGD63] the transition is independent of the oxygen concentration and depends only on the 
oxygen flux and the temperature dependant desorption of Si. [RRA01] does only show that 
active oxidation is possible at higher oxygen pressures than those predicted by [Wag58] but 
does not predict the limit between active and passive oxidation. 

 

Wagner 
[Wag58] 

][
2

mbarpO  

Turkdogan 
[TGD63] 

]//[ 12 smmolJO  

Condition for transition from active to 
passive oxidation at 1750 K, 

PapS
Si 1.0=  [RRA01] 

5.5 4.10-3 

Typical conditions in plasma refining in 
our group [PDT10] 

10 0.12 

Predicted oxidation regime Passive Passive 
Table II-1 Comparison between the conditions for the transition to passive oxidation of the 

different models to the conditions in our group. 

Table II-1 shows the comparison between the conditions for the transition to passive 
oxidation predicted by the model and the typical conditions in the plasma gas blowing 
purification process. The maximum oxygen partial pressure of the Wagner model has been 
taken from [Deg08] and the maximum oxygen flux density has been calculated with the 
Langmuir equation. Both models (Turkdogan and Wagner) predict that the oxidation should 
be in the passive oxidation regime although the process works in the active oxidation regime. 
This shows that the two models can not be used to predict the transition to passive oxidation 
in the plasma gas blowing process. 

 
Both [Wag58] and [TGD63] predict a strong temperature dependence of the maximum 

oxygen partial pressure as we can see in Figure II-14, which shows the logarithm of the 
maximum partial pressure of oxygen against 1/T. As said before, in [TGD63] the transition 
from active to passive oxidation is independent of the concentration so that the curve in 
Figure II-14 is valid for the estimated boundary layer thickness and may be higher or lower 
for a respectively thicker or thinner boundary layer. The slope of the curves is the formation 
enthalpy of SiO for Wagner’s model and the sublimination enthalpy of Si for Turkdogan’s 
model. 
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Figure II-14 Measured temperature dependence of the 
maximum partial oxygen pressure and the predictions 

of Wagner’s model and Turkdogan’s model [HG76] 

Hinze and Graham [HG76] measured the temperature dependence of the active passive 
oxidation transition on solid silicon. They found that the transition took place in two steps. At 

a pressure IOp (max)0

2
 silica whiskers form on the surface, but the active oxidation continues. 

At IIOp (max)0

2
 a silica layer is formed so that the oxidation changes from active to passive 

oxidation. The slope of IIOp (max)0

2
 in Figure II-14 is equal to the slope of Wagner’s model, 

which indicates that the formation of SiO is the limiting phenomenon at the active passive 
oxidation transition. The formation of silica whiskers however show that a part of the oxygen 
reacts with the SiO before arriving on the silicon surface. The results of Hinze and Graham 
may agree with a two layer model similar to Ratto’s model with the inclusion of the transport 
properties of the aerosol as discussed above. 

On liquid silicon these whiskers can probably not form because they can not stick on the 
liquid silicon. Naess et al. [NTO12] observed active oxidation in a ladle at oxygen pressures 
that were higher than the maximum pressure for active oxidation predicted by Wagner’s 
model. They explained this by the heterogeneous layer of Ratto’s model. 

Naess et al [NYZ12] studied experimentally the active oxidation of silicon. They 
measured the mass loss of a silicon melt in a tube with a flow of an argon-oxygen mixture. 

They compared the mass loss at different oxygen partial pressures and to simulated 
oxygen fluxes using CFD. They used the assumption 

2
2 OSiOSi JJJ ==  and obtained a good 

agreement between the measured mass loss and the simulated oxygen flux, which indicates 
that the SiO is oxidized to SiO2 outside the boundary layer. The precision of the measured 
mass loss is, however, not sufficient to show that SiO2 is formed outside the boundary layer. 
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In the experiment they obtained amorphous, spherical SiO2 particles with an average 
diameter of ~60nm and rather uniform size at the reactor walls. This shows that the SiO2 
particles may have been formed via the liquid state of SiO2. They attributed this to the 
strongly exothermic nature of the reaction ( II-17 ) 

They suggest that gaseous SiO2 is formed that condenses on the liquid particles. The 
high enthalpy of vaporization of SiO2 ( molkJSiOH vap /528)( 2 −=∆  at 2950°C) heats the 

liquid particles during condensation and maintain them so above the melting temperature. As 
the difference between the melting point and the boiling point of silica is less than 200 K the 
evacuation of heat from the aerosol particle may limit the condensation.  

Hinze and Graham suggested that the SiO reacts with oxygen that is adsorbed on the 
surface of the SiO2 whiskers according to reaction ( II-18 ) 

This strongly exothermic surface reaction may also explain the formation of the liquid 
SiO2 droplets observed by Naess et al. If the evacuation of heat limits the condensation it 
makes no difference whether reaction ( II-17 ) or ( II-18 ) takes place. 

II.3.5. Conclusion on the different models 

The experimental results found in literature suggest that the oxygen diffuses to the 
surface of the silicon and reacts there to SiO(g) which reacts elsewhere to SiO2(l/s). However 
it is not sure whether SiO2(l/s) is formed in the boundary layer (fast reactions, in chemical 
equilibrium) as proposed by [RRA01] or rather outside the boundary layer (slow reactions, 
out of chemical equilibrium) [Wag58]. It would be of great scientific interest to determine 
whether the reaction )(2)()(2 22 sSiOgOgSiO →+  is in chemical equilibrium or to determine 

the deviation from chemical equilibrium.  
In the case of slow chemical reactions, the deviation from chemical equilibrium may be 

different when the oxidizing gas is water vapor instead of oxygen. The reaction ( II-17 ) 
needs a trimolecular collision so that it may be slower than the reaction ( II-19 ) which needs 
only a bimolecular collision. 

The atomic oxygen of the plasma may react even faster due to its high reactivity ( II-20 ) 

Even if the reactions in the gas phase are fast nucleation and condensation may be slow 
so that the concentration of SiO2(s/l) may be out of chemical equilibrium. 

If the chemical reactions in the gas phase are in equilibrium, the model of [RRA01] 
describes well the boundary layer but the transport of the aerosol should be included. If the 
chemical reactions are far from equilibrium, the model of [Wag58] would describe well the 
boundary layer. The formation of the aerosol in the boundary layer may significantly influence 
the purification process as we will discuss in more details later. 

II.4. Thermodynamic calculations of the B/Si ratio at the 
silicon surface 

When the chemical reactions are very fast, which is likely for a metal surface at high 
temperature, the concentration of different species reach locally their thermodynamic 
equilibrium at every instant in the process. This means that the local reaction rates of all 
reactions are always equal to the local reaction rates of their inverse reactions. We do not 
know the kinetics of the chemical reactions at the surface but we compare in the next chapter 

)(2)()(2 22 sSiOgOgSiO →+  ( molkJH /773−=∆  at 1500°C) ( II-17 ) 

)()()( 2 sSiOadsOgSiO →+  ( II-18 ) 

)()()()( 222 gHgSiOgOHgSiO +→+  ( II-19 ) 

)()()( 2 gSiOgOgSiO →+  ( II-20 ) 
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the results of the thermodynamic calculations to experimental results and show in this way 
that the surface reactions are probably in chemical equilibrium. 

At equilibrium, the system has minimized its Gibbs free energy and the concentrations 
can be calculated without the knowledge of the reactions that take place. The commercial 
program FactSage [FAC] can be used to calculate the concentrations at chemical 
equilibrium. FactSage includes a database of the most common chemical species and their 
Gibbs free energies. For a given mix of several elements and a given temperature and 
pressure it can calculate the quantity of each chemical compound by minimizing the Gibbs 
free energy of the system. The results can be represented as partial pressures or as quantity 
in mole. As the partial pressure is proportional to the molar fraction in the gas phase, the two 
representations are equivalent. 

One of the consequences of this local chemical equilibrium at the surface is that the 
concentration of the oxidizing species (mainly H2O) is very low in the gas phase at the 
surface. This is due to the strong ratio of the partial pressures 1000/

2
≈OHSiO pp , when 

there is an excess of silicon, and to the limitation of SiOp  due to the formation of SiO2. The 

oxidation of the silicon is thus limited by the quantity of water vapor that arrives on the 
surface and not by the evacuation of the silicon oxide. 

The chemical equilibrium between the vapour pressures in the gas phase and the 
concentrations in the liquid phase is important for the understanding of the mass transfer 
from the liquid to the gas phase. The total mole fractions of the elements oxygen, hydrogen 
and argon in the gas at the surface are similar to the mole fractions that are blown onto the 
surface as long as the diffusion coefficient of the reactants are similar to the diffusion 
coefficients of the products. The small diffusion coefficient of a SiO2 aerosol that may be 
formed in the boundary layer can lead to a higher oxygen concentration at the surface of the 
silicon melt than in the bulk gas as we show later. 

Using the same atomic concentrations as in the bulk gas, and a large excess of moles 
from the condensed phase, the concentrations of boron and silicon compounds at the 
surface at chemical equilibrium can be calculated. The ratio between the sum of all the 
concentrations of gaseous Si compounds and the sum of all the concentrations of all 
gaseous B compounds would be equal to the [B]/[Si] ratio in the exhaust gases, if the 
diffusion coefficient of all compounds were similar. 

Degoulange [Deg08] and Nordstrand et al. [NT12] calculated the partial pressure of the 
volatile boron and silicon species at the silicon surface at chemical equilibrium using 
FactSage [FAC]. Figure II-15 shows the partial pressures of the major species at the silicon 
surface calculated by Nordstrand. Their calculation was done for 200 g of silicon with 10 
ppma of boron and 810 L of moist hydrogen (3.2 vol pct H2O). The molar quantity of silicon 
was chosen high enough to ensure a large excess of liquid phase species so that the liquid 
boron concentration is not modified by a different [B]/[Si] ratio in the gas phase. 

The results show that: 
•  Nearly all hydrogen is in the form of H2. This is because the compounds of 

hydrogen with the major species Si have a rather high Gibbs free energy. 
•  Nearly all oxygen is in the form of SiO. SiO has a very low Gibbs free energy 

(lower than that of H2O). The silicon can thus reduce the water. 
•  The main gaseous species containing silicon is SiO and the main gaseous 

species containing boron is HBO. The other species have much lower 
concentrations so that the [B]/[Si] ratio in the gas phase is very close to the 
[HBO]/[SiO] ratio in the gas phase. 

•  The partial pressure of the gaseous boron species (mainly HBO) decreases with 
temperature. This is probably because the molecule HBO has a lower entropy 
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than the smaller molecule SiO. An increase of the temperature shifts thus the 
equilibrium between these two molecules towards SiO. 

•  The [B]/[Si] ratio in the gas phase which is similar to the [HBO]/[SiO] ratio ( 
between 10-5 and 10-4) is similar to the [B]/[Si] ratio in the liquid silicon (10 ppma). 
(This is modified by a new formation enthalpy of HBO, see further down) 

 

 
Figure II-15 Graphical representation of FactSage 

calculations of partial pressure of gaseous species vs 
temperature in the H2-3.2 vol pct H2O-Si-B system 

([B]/[Si] ratio 10 ppma) [NT12]  
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Figure II-16 Graphical representation of 

FactSage calculations of quantity of gaseous 
species vs hydrogen fraction in the H-Ar-O-

Si-B system ([B]/[Si] ratio 10 ppma), 
T=1600 °C 

 Figure II-17 The enrichement factor 
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fraction in the gas. 

Figure II-16 shows our results of FactSage calculations for different hydrogen 
concentrations. The calculations were done with 100 mol of silicon, 0.01 mol of boron 
(10 ppma), 1 mol of O2 and 100 mol of Ar-H2 mix with different Ar/H2 ratios at 1600 °C. We 
show only the major silicon and boron species. We ignore other species and boron and 
silicon species with lower concentrations. We verified that our results reproduces the results 
of Nordstrand represented in Figure II-15: At 96.8% H2 and 1600 °C the ratio [HBO]/[SiO] is 
approximately 2.7·10-5 in the calculation of Nordstrand and 3.5·10-5 in our calculation. The 
database SiUP (Silicon Ultra Pure) that we used is thus equivalent to the database of [NT12] 
who used a priori the JANAF tables [JAN98]. We conclude this from a paper of the same 
group [TAN12]. The [HBO]/[SiO] ratio in our calculation is probably slightly higher because 
we used a higher activity of the boron: a=3.45 in our calculation and a=1 in [NT12]. One can 
see that the concentration of HBO increases with the hydrogen fraction, while the 
concentration of SiO remains constant. The Figure II-17 shows the enrichement factor R  
which is the ratio between the [B’(g)]/[Si’(g)] ratio in the gas phase and the [B(l)]/[Si(l)] ratio in 
the liquid phase ( II-21 ). The total boron concentration in the gas phase [B’(g)] has been 
obtained by summing over all gaseous boron compounds ( II-22 ) and is similar to the 
concentration of [HBO(g)]. The total silicon concentration in the gas phase [Si’(g)] has been 
obtained in the same manner and is similar to the concentration of [SiO(g)]. 

This enrichement factor of the gas is smaller than one at low hydrogen fractions. This 
means that we should mainly remove the silicon from the Si/B mixture. However new 
chemical data give higher values as we will show later. 

The strong increase of the enrichment factor with the hydrogen fraction explains why 
hydrogen improves the boron removal rate. The [B]/[Si] ratio in the gas phase is proportional 
to the sqare root of the hydrogen fraction. (The [B]/[Si] ratio in the liquid phase is constant). 

Enrichement Ratio: 
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This can be explained by the chemical equilibrium between the species SiO and HBO given 
by the reaction ( II-23 ). The equilibrium constant of this reaction is given by equation ( II-24 ). 
We combine equation ( II-24 ) and ( II-21 ) and obtain thus equation ( II-25 ). Equation ( II-25 
) shows that the enrichement factor R is proportional to the square root of the concentration 
of hydrogen, which is in turn proportional to the hydrogen fraction in the gas. As the 
concentration of SiO is independant of the hydrogen concentration, the concentration of HBO 
is proportional to square root of the hydrogen fraction in the gas. The concentration of HBO 
is also proportional to the [B(l)]/[Si(l)] ratio in the liquid phase, which explains the exponential 
decay of the boron concentration during purification 

II.4.1. Modification due to new formation enthalpy of HBO 

The thermodynamic data used for the calculations in Figure II-15, Figure II-16 and Figure 
II-20 are probably not exact. Tang et al. [TAT12] found a formation enthalpy of HBO that was 
31.1 kJ/mol lower than that used in the calculation and a formation entropy 0.3 J/mol/K 
higher. We can estimate the influence of this difference on the equilibrium by analyzing the 
equilibrium constant of the reaction that connects the two products of the global reactions 
SiO and HBO ( II-26 ). In equation ( II-27 ) we calculate the modification of the difference of 

the Gibbs energy of the reaction. *G∆  is the value calculated with the new data, while G∆  is 

the value calculated with the old data. We see that at 1750 K the new *G∆  is 31.6 kJ/mol/K 
smaller than the old G∆ . 

The equilibrium constant K of the reaction ( II-26 ) is given by equation ( II-28 ) 

In equation( II-29 ) we compare the equilibrium constant *K  calculated with the new 
*G∆  to the equilibrium constant K  calculated with the old G∆ . The new equilibrium 

constant *K  is 8.8 times higher than the old equilibrium constant K . The enrichment factor 
R  should be 8.8 times higher when the new data is used instead of the old data. While with 
the old data purification would have only been possible at a high hydrogen concentration, the 
new data show that it is also possible at lower concentrations. This modified data will be 
used in chapter VII to analyze our purification results. 

II.5. Discussion of the chemical equilibrium 
We use the measurements of Nordstrand et al. [NT12], Baba et al. [BHY95] and Imler et 

al. [IHL11] to compare them to chemical equilibrium calculations. Figure II-18 shows the 
dependence of the purification rate on the temperature. In the same graph we show the 
partial pressure of HBO in chemical equilibrium (taken from [NT12]). The very similar relative 

)()()(5.0)()( 2 gHBOlSigHlBgSiO +↔++  ( II-23 ) 

5.0
2 )]()][()][([

)]()][([

gHlBgSiO

gHBOlSi
K =  ( II-24 ) 

5.0
2 )]([ gHKR ×=  ( II-25 ) 

)()()(5.0)()( 2 gHBOlSigHlBgSiO +↔++  ( II-26 ) 

KmolkJGKG

KmolJTmolkJGSTHG

//6.31)1750(

//3.0/1.31
*

***

−∆=∆
−−∆=∆−∆=∆

 ( II-27 ) 

5.0
2 ])][()][([

)]()][([
exp

HlBgSiO

gHBOlSi

RT

G
K =


 ∆−=  ( II-28 ) 

K
KR

molkJ
K

RT

molkJG
KK 8.8

1750

/6.31
exp

/6.31
exp)1750(* =




×=


 +∆−=  ( II-29 ) 



                                                                                                II. Boron removal by gas blowing 

37 

variation of the purification rate and the partial pressure of HBO indicate that chemical 
reactions are in equilibrium at the interface, both with plasma [BHY95], [IHL11] and without 
plasma [NT12]. If the Boron purification rate was limited by chemical reactions, the increase 
of the temperature should lead to an increase of the purification rate because chemical 
reactions are typically faster at higher temperature (Arrhenius law). Furthermore, the 
diffusion coefficients in the gas phase increases with the temperature as T1.5 (Chapman-
Enskog theory), so that the variation of the diffusion fluxes remains small in the temperature 
range of the experiments. 

We compare the measurement with different hydrogen fractions of [NT12] to chemical 
equilibrium. Figure II-19 shows the dependence of the purification rate from [NT12] on the 
hydrogen fraction in the gas and the partial pressure of HBO in chemical equilibrium, 
calculated before. The very similar curves of the purification rate and the partial pressure of 
HBO indicate that the chemical reactions are in equilibrium at the interface. It is very unlikely 
that the rate of the global reaction ( II-30 ) is proportional to the square root of the hydrogen 
fraction as observed in the measurements. 

The variation of the purification rate in dependence of the hydrogen fraction with plasma 
shown in Figure II-8 is however very different. This may be due to the influence of hydrogen 
on the velocity of the gas jet and thus the mass transfer. The study presented in Figure II-8 
also used different setups so that there may also be other reasons for the difference to 
chemical equilibrium. 
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Figure II-18 The dependence of the partial 
pressure of HBO at chemical equilibrium 
and of the measured purification rate on 
the temperature. [NT12] without plasma, 

[BHY95] and [IHL11] with plasma 

 Figure II-19 The dependance of the partial 
pressure of HBO at chemical equilibrium and 
the measured purification rate [NT12]  on the 
hydrogen fraction in the gas (without plasma) 

Several authors ([NBS04], [Deg08], [NT12]) suggest that the chemical reactions are the 
rate limiting step. However, the strong influence of the hydrogen concentration and the 
temperature on the deboronization rate, which has been observed by different experimental 
studies, coincides with the thermodynamic calculation and is therefore in contradiction with 
this hypothesis. 

We can thus conclude that the chemical reactions at the surface are probably at 
chemical equilibrium. As the chemical reactions at the surface are in equilibrium we can 

)(5.0)()()( 22 gHgHBOgOHlB +→+  ( II-30 ) 
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assume that the reaction rates of the global reactions ( II-31 ) and ( II-32 ) and their inverse 
reactions are sufficiently fast so that they are not rate limiting. 

As the chemical reactions are in equilibrium the mass transfers of H2O to the surface 
remains as rate limiting step.  

II.5.1. Discussion of the role of radicals 

In a process with plasma, the oxygen and hydrogen arrive partly in the form of radicals O 
and H at the silicon surface. While the radicals could have a big influence if the reaction 
between H2O and boron was slow this is not the case if the reaction and the inverse reaction 
are fast. We can assume that the radicals that arrive at the silicon surface react immediately 
due to their high reactivity. As the reaction velocities are high the reaction products react also 
very fast so that system comes to the chemical equilibrium. It should thus not make a 
difference whether the oxygen and hydrogen arrive as radicals or whether they arrive in the 
form of H2 and H2O. The radicals that were believed to be important for the process are thus 
probably not important. 

II.6. Chemical equilibrium in the boundary layer and SiO 2 
formation 

The evacuation of the reaction products does not play a role as long as the chemical 
reactions are rate limiting. However for chemical reactions in equilibrium the evacuation of 
the reactions products becomes important. For this reason we study the chemical equilibrium 
in the boundary layer. 

At the silicon surface there is an excess of silicon so that all oxygen reacts to SiO. As 
there is an excess of silicon, the SiO2 that is eventually created is reduced to SiO (if 
equilibrium conditions are reached and below a maximum partial pressure of SiO). Similar to 
the silicon oxidation model of Ratto that was described above, almost the whole boundary 
layer is oxidizing so that there is an excess of oxygen in the form of water vapour. 

In the boundary layer, the absence of silicon in excess, changes significantly the 
concentrations in chemical equilibium as we can see in Figure II-20. The calculation of Figure 
II-20 was done using FactSage with 88 mol Ar, 4 mol H2, 1 mol O2, 0.1 mol Si and 10-4 mol B 
([B]/[Si] ratio 1000 ppma, as sometimes reached in the exhaust gases of our facility). The 
small silicon and boron concentration should be representative at a point close to the bulk 
gas. 

We show only the major species of boron and silicon in this graph and ignored species 
that have a much lower concentration. 

•  The major silicon specie at the silicon temperature (~1600°C±150°C) is the solid 
species SiO2 which should condense to an aerosol. In hotter zones of the gas 
flow (when created by a plasma torch), the solid SiO2 is reduced to gaseous SiO. 

•  The major boron specie is the gaseous BHO2. In colder zones of the gas flow 
(when a cold gas is blown, or near cold walls), we get H3BO3. 

•  All silicon is oxidized 
•  All boron is oxidized 

22 HSiOOHSi +→+  ( II-31 ) 

22 5.0 HHBOOHB +→+  ( II-32 ) 
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Figure II-20 Graphical representation of FactSage calculations of the amount of most 

important silicon and boron species vs temperature with a total amount of 88 mol Ar, 4 mol 
H2, 1 mol O2, 0.1 mol Si and 1e-4 mol B ([B]/[Si] ratio 1000 ppm) 

As mentioned in part II.5 the [B]/[Si] ratio calculated at chemical equilibrium is about 10 
times higher than the [B]/[Si] ratio in the liquid silicon. Looking at the thermodynamic 
calculation in the boundary layer we see that at the silicon temperature nearly all silicon is in 
the form of solid SiO2, which should form an aerosol (as proposed by [RRA01]). This 
formation of a SiO2 aerosol may modify the evacuation of the reaction products. As the 
diffusion of an aerosol is weaker than the diffusion of the gas H2O, the total oxygen 
concentration at the surface may be higher than in the bulk gas. The weak diffusion of the 
aerosol may explain why the measured B/Si flux ratio that is evacuated is be higher than the 
[B]/[Si] concentration ratio at the surface (see chapter VII). In the following paragraph we 
study the formation of an aerosol in the boundary layer in more detail. 

II.6.1. Aerosol formation in the boundary layer 

Silica fumes are typically produced when an oxidizing gas is blown on liquid silicon. 
While this silica aerosol is probably formed in the boundary layer when the blown gas is cold, 
this is not so evident, when the hot gas (~9000 °C)  fro m the plasma is blown onto the silicon 
surface: in this case, the temperature increases rapidly with the distance from the silicon, 
which is unfavourable for the oxidation of SiO. 

The equilibrium of the reaction )()()()( 222 gHsSiOgOHgSiO +↔+  is influenced by 

the concentration of hydrogen and the temperature. Figure II-21 shows the quantity of SiO2 
at chemical equilibrium in a system with 2 mol of SiO2 and 96 mol Ar-H2 mix in dependence 
of the hydrogen fraction for different temperatures. One can see that both hydrogen 
concentration and temperature play a role in the reduction of the SiO2. Above 2500 °C no 
SiO2 is present while below 1700 °C nearly all silicon is in  the form of SiO2. Between these 
two temperatures the hydrogen fraction influences the quantity of SiO2. For a typical 
hydrogen fraction of 5 % most silicon is in the form of SiO2 up to 2100 °C. 
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Figure II-21 Graphical representation of FactSage 

calculations of the amount of SiO2 in a system with 2 
mol Si, 3.5 mol O2, 96-A mol Ar and A mol H2 

A varies from 0 to 90 

 
Figure II-22 shows the temperature map and the mole fraction map of atomic oxygen 

with parameters that are typical for plasma gas blowing purification experiments. The 
parameters are presented in the same Figure. The black lines indicate the position of the 
concentration profile and temperature profile that are shown in Figure II-23. The data was 
simulated by S. Nosari during his internship, using a model similar to the model presented in 
[PDT10]. A concentration of 0 for oxygen species is defined as boundary condition at the 
silicon surface. This corresponds to a high reactivity of the silicon surface. The profiles were 
taken at distance of 20 mm from the centre of the crucible which is in the same axis as the 
plasma torch. 
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Figure II-22 Temperature map and mole fraction map of O in a simulation of the plasma 

gas blowing process 

 

 
Figure II-23 The concentration and temperature profiles in the boundary layer of the 

plasma gas blowing process calculated with a numerical simulation 

One can see that the thickness of the O boundary layer is about 1 mm and the thickness 
of the temperature boundary layer is about 2 mm. At a distance of 0.1 mm the temperature is 
higher than 2100 °C. The silica aerosol can thus on ly be  formed in the thin layer of 0.1 mm. 

We want to estimate if these 0.1 mm are thick enough to modify the mass transfer of the 
silicon. We use equation ( II-10 ) to calculate the thickness of an aerosol boundary layer from 
the boundary layer of the oxygen boundary layer . We use a diffusion coefficient for the 
aerosoli of 0.0013 cm2/s and a typical diffusion coefficient of a gas [Cus97] of 0.2 cm2/s at 
25 °C. The boundary layer of such an aerosol would thus be 20 % of the oxygen boundary 

                                                
i Rudyak et al. [RDB09] measured a diffusion coefficient of an aerosol with Pt nanoparticles 
with a mean arithmetic diameter of 6.3 nm in nitrogen at 25°C to 0.0013 cm 2/s. 
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layer and thus be 200 µm thick (equation ( II-33 )). As the thickness of the layer, where the 
chemical equilibrium predicts an aerosol, is half of the thickness of the calculated boundary 
layer, this layer with aerosol may impact strongly the diffusion of silicon.  

For the average mass transfer coefficient k  (m*s-1) Cussler [Cus97] gives a formula that 
is proportional to the power to 2/3 of the diffusion coefficient. As the mass transfer rate n�  
(mol.s-1) of silicon is about half of the mass transfer rate of oxygen atoms, the total oxygen 
concentration at the surface increases with a lower mass transfer coefficient aerosolk  of the 

silicon oxide (equation ( II-35 )). Equation ( II-35 ) is equal for the mol number of SiO2 aerosol 
particles and for the mol number of SiO2. 

j  (mol.m-2.s-1) is the mass flux density 

c∆  (mol.m-3) is the driving force concentration difference 
If the aerosol would not dissociate at 0.1 mm it should lead to a six times higher total 

oxygen concentration (mainly SiO or SiO2) at the silicon surface ( II-36 ). A six times higher 
total oxygen concentration at the surface would mean that the evacuation of boron is six 
times faster. This approximation shows that the formation of an aerosol can significantly 
modify the rate of the purification process. Experimental results with plasma show an 
enrichment factor that is about ten times higher than the value calculated at chemical 
equilibrium (See chapter VII) and thus suggest that the slow diffusion of aerosol modifies the 
evacuated [B]/[Si] ratio. Another experiment that indicates an important role of the aerosol is 
the comparison between the oxidation of boron and silicon with oxygen from the silica plates 
of the crucible on the one hand and oxygen from the plasma on the other hand. The [B]/[Si] 
ratio is about ten times higher with the oxygen from the plasma (See chapter VII). 

The size of the aerosol particles have a big influence on the diffusion coefficient and thus 
on the silicon oxide concentration at the surface. Quantitative predictions are therefore 
impossible with such a simplified model. However quantitative predictions of the evacuated 
[B]/[Si] ratio would be very important for the improvement of the. Therefore it is important to 
develop a numerical model that can simulate the role the formation of a SiO2 aerosol on the 
evacuated [B]/[Si] ratio. Such a model should include the phenomenon nucleation, 
condensation, coagulation and diffusion of the aerosol and the flow regime. If the nucleation 
is very slow, supersaturation may occur so that the aerosol does not form. For the validation 
of the model experiments with well known flow conditions should be done. A model that 
takes into account nucleation, condensation and coagulation of the aerosol is difficult to 
handle. A first approximation could use a constant diffusion coefficient for the aerosol that is 
calculated from the size distribution of the particles that can be filtered from the exhaust 
gases. The size distribution can be measured with a scanning electron microscope [NTO12]. 
Such a model may be precise if the layer, where the aerosol particles grow, is thin compared 
to the diffusion boundary layer of the aerosol particles. 
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II.7. Conclusion 
In this chapter we presented the mass transfer system and analyzed that the chemical 

reactions at the silicon surface are probably very fast so that they are not rate limiting. The 
mass transfer in the liquid is in general not rate limiting either due to inductive stirring or due 
to stirring by the gas flow. As the reactions are in chemical equilibrium the [B]/[Si] ratio in the 
gas phase can be calculated with programs that minimize the Gibbs free energy. The 
formation of a SiO2 aerosol may modify the [B]/[Si] ratio that is evacuated from the surface 
due to the higher diffusion of gaseous HBO2 compared to the solid or liquid SiO2 aerosol. 
While the evacuated [B]/[Si] ratio depends probably on the chemical equilibrium and on 
characteristics of the SiO2 aerosol, the total quantity of silicon that is oxidized and evacuated 
depends on the quantity of water vapour that arrives at the surface. If the oxidized silicon is 
not well evacuated from the surface an oxide layer forms which hinders the purification. In 
the following chapters we develop a method that allows characterizing the plasma of the 
purification process. We then use the results from the characterization to validate a 
computational fluid dynamic (CFD) model that can be used to better understand the 
purification process. In chapter VII purification experiments are compared to the theory 
developed in this chapter. 
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III. Spectroscopic techniques for the characterization 
of the plasma 

III.1. Introduction 
We have seen in chapter II that the characterization of the post-discharge zone is 

important for the understanding of the process. In this chapter we present the spectroscopic 
techniques that we used to characterize the plasma. First we look at the chemistry in the 
plasma and find that the gas temperature, the gas composition and the flow velocity are the 
parameters that are necessary to fully characterize the plasma. We then present the 
methods that we used to measure the temperature and the concentration ratios [H]/[Ar] and 
[O]/[Ar]. We present the line broadening mechanisms instrumental broadening, Stark 
broadening and Doppler broadening. The Stark broadening was used to measure the 
electron density and thus validate the temperature measurement. The simulation of the line 
profile is necessary to simplify the measurement of temperature and concentration ratios with 
a spectrometer with photomultiplier tube. The knowledge of the line profile allows us to 
calculate the total emissivity of a line from the spectral emissivity at the central wavelength. 

III.2. Selection of the method 
The objective of this study is to characterize the plasma torch. While for cold plasma 

torches the productivity of reactive species is an important parameter, this is not the case for 
a thermal plasma torch. Thermal plasma torches are close to chemical equilibrium because 
the reaction rates at high temperature and high pressure are high. This means that the 
concentration of each species is given by concentration of the elements and the temperature. 
In the post-discharge zone of an inductively coupled plasma, which is the zone that interacts 
with the silicon the temperature gradients are relatively low so that deviations from chemical 
equilibrium are small.  

Figure III-1 shows the equilibrium concentration of the major species in a gas with the 
elements Ar, O and H. One can see in Figure III-1 that between 4000 K and 10000 K more 
than 90% of the oxygen and hydrogen atoms are in the form of atomic oxygen (O) and 
atomic hydrogen (H). From 4000 K to 2500 K the concentrations of O and H decrease while 
the concentrations of the molecules H2O and H2 increase. Below 2500 K more than 90% of 
oxygen and hydrogen are in form of the two molecules H2O and H2. OH has its highest 
concentration at 3200 K but even there its concentration is lower than those of O, H, H2 and 
H2O. 
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III.2.1. Chemical equilibrium of a Ar, H 2, O2 plasma 
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 Figure III-1 Equilibrium concentrations. Calculation done with 

100 mol Ar + 4 mol H2 + 1 mol O2 

III.2.2. Deviations from chemical equilibrium in th ermal plasma 

Watanabe et al [WAS07] and Pelletier [Pel06] compared CFD models of inductively 
coupled plasma with and without chemical equilibrium. The small differences between the 
results with chemical equilibrium and the results without chemical equilibrium suggest that 
the plasma is close to chemical equilibrium. The analysis of the models also permitted to 
identify zones where deviations from chemical equilibrium occur. [WAS07] found higher 
concentrations of ions at the edge of the plasma in the induction zone when using a two 
temperature non-chemical equilibrium model. This model takes into account that the 
electrons have a higher temperature than the heavy particles because they absorb more 
energy from the electromagnetic field and because the energy transfer between heavy 
particles and electrons is small due to the big mass difference. [Pel06] found that deviations 
from chemical equilibrium occur in the boundary layer above the liquid silicon due to the 
strong temperature gradient. In his model the gas temperature above the boundary layer is 
between 4000 K and 8000 K, while the surface of the silicon is at 1680 K. The concentration 
of atomic oxygen at the surface is higher than in chemical equilibrium because it diffuses 
across the boundary layer. When we started this study it seemed that this deviation from 
equilibrium plays an important role. To our knowledge it is impossible to measure directly the 
flux of oxygen atoms to the surface. The best method that we found to determine the flux of 
radicals to the surface was to characterize precisely the post-discharge zone and to test so a 
numerical model similar to that of [Pel06] that can predict the flux of radicals towards the 
surface. In chapter II we showed that radicals do not play an important role. However the 
mass transfer of reactants to the surface is still important and needs a numerical model. 
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III.2.3. Different methods for the characterization of the post-
discharge zone 

As the parameters of the post discharge zone should have an important impact on the 
purification efficiency, this zone has to be investigated in details. The literature presented in 
the paragraph above indicates that this zone is close to chemical equilibrium so that we do 
not need to characterize the deviations from chemical equilibrium. The three parameters that 
are needed to fully describe the post discharge zone are the gas composition, the gas 
temperature and the flow velocity. As the measured temperature was between 6000 K and 
10000 K, nearly all oxygen and hydrogen are in the atomic form. So the measurement of the 
ratios [O]/[Ar] and [H]/[Ar] is sufficient to determine the composition of the gas. 

One method that can be used to characterize such a plasma is the enthalpy probe 
coupled to a mass spectrometer [Bou01] [Col11] [RSB95]. The enthalpy probe Figure III-2 a) 
is installed in the plasma. One can measure the gas composition and the enthalpy of a gas 
flow extracted with the enthalpy probe. The measurement of the pressure allows to calculate 
the velocity. The method can thus measure the temperature, the gas composition and the 
flow velocity of the gas. An inconvenience is that it is intrusive. In addition, the measurement 
with the enthalpy probe is slow and one can measure only one point at a time.  

Two photon absorption laser induced fluorescence spectroscopy (TaLIF Figure III-2 b) 
can be used to measure concentration profiles of atomic oxygen and atomic hydrogen 
[BMB02] [NSG05]. In this method ground state atoms are excited by the absorption of two 
photons from the laser to a high level. The excited atoms then go to an intermediate level by 
the emission of a photon which is then measured perpendicular to the laser beam. The 
optical setup that measures the light can be focalized to different positions in the laser beam 
so that a high spatial resolution is possible. For absolute concentration measurements the 
setup can be calibrated with a known concentration of noble gas. At high temperatures the 
collisional quenching make the signal difficult to analyze because a big part of the excited 
atoms go to another level by collisional quenching instead of the emission of a photon. To 
our knowledge this method has not been applied for temperatures higher than 4000 K 
[BMB02]. It is thus not sure whether this method can precisely measure the concentrations at 
temperatures of about 10000 K and the method needs a very intense tunable laser with 
heavy maintenance and high costs. For these reasons we did not chose this method. 

 
 Figure III-2 Different methods for the characterization of a plasma 

a) enthalpy probe, b) TaLIF c) emission spectroscopy 

Detector 

Enthalpy, 
pressure and 

gas composition 
measurement 

Detector 

a)  b)  c)  

Laser 
beam 



III Spectroscopic techniques for the characterization of the plasma                                            
 

48 

Atomic emission spectroscopy (AES Figure III-2 c) using Abel inversion is often used to 
measure temperature, electron densities and excited level densities, but only very few 
authors used it to measure total concentrations of an element. Kornblum et al. [KG77] and 
Buchner et al. [BFH97] used AES to measure the atomic density of Cu and Fe. Both used 
Abel inversion and line intensity ratios for the measurement of the temperature. Kornblum 
used the absolute intensity of a Fe line to calculate the total density of Fe and Buchner used 
the intensity ratio between a Cu line and an Ar line to calculate the total density of Cu. 

Benmansour [Ben03] measured an Ar line, a Si line and a ionized Si line to determine 
the Si fraction in an inductively coupled plasma torch. 

As one can measure only the light that comes out of the plasma the local emissivity can 
only be reconstructed with Abel inversion when the plasma is axially symmetric. The method 
works only for plasmas in local thermal equilibrium. We chose this method because it is 
easier to implement and allows sufficiently precise measurements of the gas composition in 
the temperature range of the studied plasma (6000 K-10000 K). In the following chapters we 
present the spectroscopic theory that we applied for the measurements. 

III.3. Emissivity of atomic lines 
Quantum mechanics requires that the electrons, which are bound to the nucleus, have 

defined energy levels. At the temperature T= 0 K the electrons are all in the lowest energy 
level. The atoms are in the ground state. At high temperature, collisions provide energy to 
the electrons so that they can get to higher energy levels. An atom in which the electrons are 
not only in the lowest energy levels is in an excited state. An atom in an excited energy state 
u  can make a spontaneous transition to a lower energy state by emission of a photon, which 
takes the energy difference. Since the energies are discrete the wavelength is also discrete 
and the photons can be found in the spectrum as a spectral line. The probability of this 
transition is ulA  and the total emissivity of the transition is given by equation (III-1). A 

complete list of all symbols is given at the end of this chapter. 
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line ×== ∫  (III-1) 

The emissivity is proportional to the concentration of the atoms in an excited state un . 

When the concentration of the different energy states follow a Boltzmann distribution, the 
concentration of the atoms un  in the excited state u  with the energy uE  and the degeneracy 

ug  is given by equation (III-2), where ][ X  is the total concentration of an element X. The 

partition function (III-3) is needed for normalization so that the sum of the concentrations of 
all energy states is equal to the concentration of the element.  
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The Boltzmann distribution is only valid in local thermal equilibrium. The validity of local 
thermal equilibrium and deviations from it are discussed in appendix A. 

We obtain the emissivity from equations (III-1) and (III-2). It depends on two physical 
parameters:  

- the concentration of the element 
- the temperature of the plasma 
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If we do not know the temperature we cannot calculate the concentration. Since we know 
the concentration of argon (its mole fraction is close to 100 %) we can measure the 
temperature using the emissivity of an argon line and the ideal gas law. Once we have 
measured the temperature, we can calculate the concentrations of other elements from the 
emissivity of a line of the element. The formulas are presented further down. 

The transition probability ulA , the Energy uE , the wavelength λ  and the degeneracy ug  

are tabulated for many atomic lines on the website of the National Institute of Standards and 
Technology [nis] 

III.3.1. The partition function 

The partition function Z(T) normalizes the distribution so that the sum of the 
concentrations of all energy states is equal to the total concentration of the element. For the 
calculation of the partition function we need to know the energy states with a low energy. 
Table III-1 shows the summands of the partition function of oxygen at 10000 K as a sample 
calculation. The higher energy states above 10 eV have little influence on the partition 
function. 

 

ig  5 3 1 5 1 

iE  [eV] 0 0,0196224 0,0281416 1,967364 4,189746 

)00010*/(exp( KkEg Bii −×  5,00 2,93 0,97 0,51 0,01 

Table III-1 Partition function of oxygen at 10000 K 
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The partition function of oxygen (see Figure III-3) is about 9 at 6000 K and varies with 

temperature. The energies of the first excited states of argon (11.5 eV) and hydrogen 
(10.2 eV) are very high compared to the highest temperature (10000 K z 0.86 eV) in our 
plasma, so that the partition function for these two elements is approximately equal to the 
degeneracy of the ground state ( 1,0 =≈ ArAr gZ , 2,0 =≈ HH gZ ). This is because the number 

of atoms in an excited state is very small compared to the number of atoms in the ground 
state. Even at 10000K the partition functions of these two elements is very close to the 
degeneracy of the ground state: 001.1)10000( <KZAr , 001.2)10000( <KZH  

As the calculation of the partition function of oxygen costs calculation time we used two 
different methods to obtain the value of the partition function. In the first measurements we 
calculated the partition function of oxygen for several temperatures as shown in Figure III-3 
and fitted a straight line. For the data processing we then used the straight line to calculate 
the partition function from the measured temperature. Later we calculated the partition 
function in 50 K steps and interpolated the value during the data processing. 
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 Figure III-3 Dependence of the partition function of oxygen on the 
temperature, 1,0 =≈ ArAr gZ , 2,0 =≈ HH gZ  

III.4. Measurement of the temperature 
There are several techniques that can be used to measure the temperature with optical 

emission spectroscopy. The intensity ratio method and the Boltzmann plot method use the 
intensity ratio of two or several lines. For these methods a relative calibration of the 
spectrometer is necessary. The absolute line intensity method needs an absolute calibration 
of the optical system. 

III.4.1. Boltzmann plot 

We rearrange equation (III-4) and obtain equation (III-5)  
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Equation (III-5) can be simplified by combining the constants in one new constant and 
obtain thus equation (III-6). 
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As we can see in equation (III-6), we can plot 
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slope. We can use so the emissivity of several lines and calculate the temperature with a 
linear regression. The difficulty of the method is to find lines with big energy differences in 
order to reduce the error from the measurement of the emissivity and the transition 
probabilities. The bigger the energy difference the smaller the impact on the slope. When the 
wavelengths of the two lines are far apart a relative calibration is necessary. Otherwise the 
wavelength dependant response of the optical setup would cause errors on the emissivity 
ratios. 

III.4.2. Intensity ratio 

The intensity ratio method is similar to the Boltzmann plot method but it uses only two 
lines. The temperature can thus be calculated without linear regression. Equation (III-4) can 
be used to calculate the emissivity of two different lines of the same element. Equation (III-7) 
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is obtained by dividing these two emissivities. We can rearrange equation (III-7) and obtain 
(III-8). 
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(III-8) 

III.4.3. Absolute line intensity method 

While the absolute line intensity method needs an absolute calibration it has the 
advantage that an error on the intensity measurement has a smaller impact on the 
temperature evaluation. This can be explained by the fact that the absolute line intensity 
method is correspond to a Boltzmann plot between the ground state and one excited state. 
The energy difference is with 14.5 eV much higher than the maximum energy difference 
between two Ar lines 2.7eV.  

Equation (III-4) can be rearranged to equation (III-9). 




 ×××
−=

hcAArg

TZ

E
Tk

ul

line

u

u
B πλε 4

][

)(
ln

 
(III-9) 

The concentration of the other gases is very small compared to the concentration of 
argon whose molar fraction is between 70 and 100%. The concentration of argon atoms is 
therefore approximately equal to the total concentration of particles which depends on the 
temperature and can be calculated with the ideal gas law: 

Tk

p
TAr

B

=)]([  (III-10) 

The partition function is well approximated by 1=)T(Z , as described above. 

The total concentration )]([ TAr  depends on T. For the calculation of the temperature we 

have to estimate an initial temperature T1 and then calculate T2 using T1. Then we calculate 
the next temperature 1jT +  using the previous one jT  until it converges.  
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The absolute line intensity method is a method that is often applied and has been 
compared to other measurements. Cao et al [CG95] compared the temperature 
measurement of absolute line intensity, boltzmann plot, hydrogen stark broadening and 
enthalpy probe in a DC plasma torch. He observed a good agreement above a minimum 
electron concentration of 1.3x1016 cm-3. Chen et al [CHP94] and Pfender et al. [PFS91] 
observed that the absolute line intensity method gives a higher temperature than the 
enthalpy probe. They identified the diffusion of electrons due to the large temperature 
gradient and the entrainment of the cold air as reason for this difference. Mullen et al. 
[MNL88] compared the absolute line intensity method to the stark broadening method in an 
ICP and found a good agreement. Deviations were due to the underpopulation of the ground 
state as discussed in the appendix A. Regt et al. [RGM96] compared stark broadening, 
absolute line intensity and Thomson scattering and found a good agreement between the 
three methods. The comparison between the different methods found in literature shows that 
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the absolute line intensity method is an accurate method to measure the temperature. We 
therefore selected this method for the temperature measurements presented in this study. 

III.5. Measurement of the concentration 
Two methods for the measurement of the concentration can be used: 
1) Using the total emissivity of a line:  In local thermal equilibrium the total emissivity 

lineε  of a spectral line, which is emitted during a transition, depends on the concentration of 

the atoms and the temperature. If we know the temperature, we can calculate the total 
concentration of the atoms. Equation (III-4) can be rearranged to (III-12) which permits to 
calculate the absolute concentration of an element [X] from the absolute emissivity of an 
atomic line. 
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2) Using the ratio between two lines:   
We divide equation (III-12) for oxygen by the equation (III-12) for argon and obtain thus 

equation (III-13). With equation (III-13) we can calculate the concentration ratio [O]/[Ar] with 
the temperature and the ratio between the emissivity of an oxygen line and the emissivity of 
an argon line. 
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For multiplets (several lines with a similar wavelength and a similar energy) we can 

replace the factor ulu Ag  in equation (III-13) by a sum ∑
multiplet

ulu Ag  and obtain thus equation 

(III-14). 
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With the ratios [O]/[Ar] and [H]/[Ar] and the ideal gas law the total concentration can be 

calculated. In order to study the mixing of the elements and for the validation of a model the 
ratios [O]/[Ar] and [H]/[Ar] are sufficient. We therefore present in this manuscript the ratios 
[O]/[Ar] and [H]/[Ar] calculated with the two lines method. 

III.6. The selection of the lines 
 

CCD PM 
Low [O]/Ar High [O]/Ar Low [H]/Ar High [H]/Ar All 
O 645.6 nm O 645.6 nm H 410.2 nm H 410.2 nm O 436.8 nm, H 486.1 nm 
Ar 638.5 nm Ar 641.6 nm Ar 416.4 nm Ar 415.9 nm Ar 420.0 nm, 415.9 nm 

Table III-2 The different sets of lines used for the concentration measurement (PM: 
Photomultiplier, CCD: CCD camera), Details in Table III-3 

The atomic lines that we selected for the measurements are presented in Table III-2. 
With the spectrometer with photomultiplier tube we used always the same lines. With the 
spectrometer with CCD we used different lines for high and low [O]/[Ar] and [H]/[Ar]  

The lines had to fit several criteria.  
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- The emission coefficient must be much higher than the emission coefficient of the 
continuum at the same wavelength. Otherwise the signal to noise ratio is too low. 
The noise is proportional to the square root of the total emissivity, while the signal 
is proportional to the difference between the total emissivity and the emissivity of 
the continuum. 

- The emission coefficient must be lower than that of self-absorbed lines. Otherwise 
absorption would cause systematic errors. The comparison between the 
temperature measurement of an intense and a less intense line can show whether 
absorption causes errors. 

- Interference with other atomic lines or molecular bands must be avoided. By 
looking at the tables of the atomic lines one can identify whether a line interferes 
with another line. Molecular bands can be detected during the measurement, as 
they are very intense at the edge of the plasma and less intense in the centre. 

We used two different spectrometers in this study (see chapter IV). One spectrometer 
was equipped with a photomultiplier tube and one spectrometer was equipped with a CCD 
camera. The CCD camera has the advantage, that it can measure two atomic lines at the 
same time so that variations of the temperature have less influence on the measurement of 
the concentration ratio. The simultaneous measurement of two lines adds some additional 
criteria: 

- The two lines used for the concentration measurement must have similar 
intensities because otherwise the signal of the less intense line would be too low. 

- The two lines must be in the spectral bandwidth of the CCD so that they can be 
measured at the same time. At the same time one should use the smallest possible 
spectral bandwidth (grating with high groove density), so that the line is wider on 
the CCD and the dynamic of the total line intensity is higher. 

For the measurement with the photomultiplier tube we used the argon lines at 420.0 nm 
and 415.9 nm, the oxygen multiplet at 436.8 nm and the hydrogen multiplet H-Beta at 
486.1 nm. 

As the intensity is proportional to the concentration, different argon lines with different 
emission coefficients were used for the measurements of low concentration ratios and high 
concentration ratios. We chose the oxygen mutliplet at 645.6 nm together with the argon line 
at 638.5 nm for low concentration ratios [O]/[Ar] and with the argon line at 641.6 nm for high 
concentration ratios [O]/[Ar]. We chose the hydrogen multiplet H-Delta at 410.2 nm together 
with the argon line at 416.4 nm for low concentration ratios [H]/[Ar] and with the argon line at 
415.9 nm for high concentration ratios [H]/[Ar].  

Table III-3 shows the data that is necessary for the calculation of the temperature and 
the concentration. 
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λ  

[nm] 
uE  

[eV] 
ulA  

[s-1] ul

ul

A

A∆  ug
 

ulu Ag  

[s-1] 
configurations 

∑
multiplet

ulu Ag  

[s-1] 

Ar 415,859 14,5289126 1,40E+06 25% 5 7,00E+06 5p2-4s2 7,00E+06 
         

Ar 416,418 14,5249124 2,88E+05 25% 3 8,64E+05 5p2-4s1 8,64E+05 
         

Ar 420,068 14,4990527 9,67E+05 25% 7 6,77E+06 5p3-4s2 6,77E+06 
         

Ar 638,472 14,8483681 4,21E+05 25% 3 1,26E+06 6s1-4p1 1,26E+06 
         

Ar 641,631 14,8388101 1,16E+06 25% 5 5,80E+06 6s2-4p1 5,80E+06 
         

410,170 13,2207023 4,29E+06 0.3% 4 1,72E+07 6d3/2-2p1/2 
410,170 13,2207008 2,45E+05 0.3% 2 4,90E+05 6s1/2-2p1/2 
410,171 13,2207023 2,86E+06 0.3% 4 1,14E+07 6p3/2-2s1/2 
410,171 13,2207006 2,86E+06 0.3% 2 5,72E+06 6p1/2-2s1/2 
410,176 13,2207023 5,15E+06 0.3% 6 3,09E+07 6d5/2-2p3/2 
410,176 13,2207008 8,57E+05 0.3% 4 3,43E+06 6d3/2-2p3/2 

H 

410,177 13,2207008 4,90E+05 0.3% 2 9,80E+05 6s1/2-2p3/2 

7,01E+07 

         

486,128 12,7485375 1,72E+07 0.3% 4 6,87E+07 4d3/2-2p1/2 
486,129 12,7485324 8,59E+05 0.3% 2 1,72E+06 4s1/2-2s1/2 
486,129 12,7485375 9,67E+06 0.3% 4 3,87E+07 4p3/2-2s1/2 
486,130 12,7485319 9,67E+06 0.3% 2 1,93E+07 4p1/2-2s1/2 
486,136 12,7485394 2,06E+07 0.3% 6 1,24E+08 4d5/2-2p3/2 
486,137 12,7485324 1,72E+06 0.3% 2 3,44E+06 4s1/2-2p3/2 

H 

486,137 12,7485375 3,44E+06 0.3% 4 1,37E+07 4d3/2-2p3/2 

2,70E+08 

         

436,819 12,358906 7,56E+05 10% 1 7,56E+05 4p0-3s1 
436,824 12,358874 7,59E+05 10% 5 3,80E+06 4p2-3s1 O 
436,826 12,358864 7,58E+05 10% 3 2,27E+06 4p1-3s1 

6.83E+06 

         

645,360 12,6608561 1,65E+06 18% 5 8,25E+06 5s2-3p1 
645,444 12,6608561 2,75E+06 18% 5 1,38E+07 5s2-3p2 O 
645,598 12,6608561 3,85E+06 18% 5 1,93E+07 5s2-3p3 

4,13E+07 

Table III-3 The data of the lines that were used in this study (Source [nis]) 

III.7. Calculation of the electron density using the Saha 
equation 

In the paragraphs above we have presented the formula and the data that is necessary 
for the calculation of the temperature and the concentration ratios O/Ar and H/Ar from the 
measured emissivity of the lines. The calculation of the electron density can be used on the 
one hand to simulate the line profile with the theory of line broadening that is presented later. 
On the other hand the electron density measured with the line broadening can be compared 
to the calculated electron density and thus validate the temperature measurement. 

In local thermal equilibrium the concentrations of ions, electrons and neutral atoms are in 
equilibrium. The Saha ionization equation (III-15) gives the ratio between two consecutive 
ionization stages with an ionization energy Zχ  (eV). 

Z counts the ionization stages 
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0n  (m-3) is the neutral atom density, 1n  (m-3) the singly ionized atom density and so on 

en  (m-3) is the electron density 

)T(ZZ  is the partition function of the ionization stage Z . 
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For argon at atmospheric pressure and 10000 K we can use the following assumptions: 
- small degree of ionization totnn =0  

- insignificant concentrations of multiply ionized ions 01 =>zn  

- quasineutrality 1nne = . 

With these assumptions, the equation can be simplified to equation (III-16). The total 
density of particles totn (m-3) can be calculated with the ideal gas law. 1χ  is the ionization 

energy of the ground state atom, which is 15.76 eV for Argon. When different elements with 
different ionization energies are in the plasma equation (III-16) is not valid because the 
electrons that are liberated by one element modify the equilibrium of the other elements. We 
assume that the number of electrons liberated by hydrogen and oxygen in our plasma is 
small compared to the number of electrons liberated by argon so that the equilibrium 
between argon atoms, argon ions and electrons is not modified and equation (III-16) remains 
valid. The ratio between the partition function of the ions and that of the ground state atoms 
is 6.5)(/)( =TZTZ atomion  at 10000 K and varies little with temperature. (5.59 at 9000 K and 

5.63 at 10000 K. 
At high electron densities the Debye shielding reduces the ionization energy. The Debye 

shielding describes the phenomenon that the electrons are attracted by the ions and thus 
shield their electric field. As the electrons are close to the ions they are at lower potential 
than when they where far from the ions. The ionization energy, which is the energy difference 
between a bound electron and an electron close to an ion, is thus lower. The reduction of the 
ionization energy χ∆  (eV) can be calculated with equation (III-17).  The Debye radius Dρ  

(m) is given by equation (III-18). 
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Without the Debye shielding the electron density would be in pure Argon at 10000K 
3161051.1 −×= cmne . At this electron density we can calculate the Debye radius 

nmD 39=ρ and the reduction of the ionization energy eV038.0=∆χ . The real electron 

density is thus 3161055.1 −×= cmne . The neglecting of the Debye shielding would thus induce 

only a small error of 3% on the electron density. Figure III-4 shows the electron density 
calculated with the Saha-equation (III-16) taking into account the Debye shielding. 
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Figure III-4 Plot of the electron density 
calculated with the Saha-Equation for an Argon 

plasma 

III.8. The broadening mechanisms 
The knowledge of the different broadening mechanisms is necessary for two different 

measurements 
For the measurement of the electron density using the line broadening we need to know 

the different sources of line broadening and the relation between line broadening and the 
electron density. 

For the measurement of the [O]/[Ar] ratio or the [H]/[Ar] ratio with the monochromator 
with the photomultiplier tube the simulation of the line broadening is necessary to calculate 
the total emissivity of the line from the emissivity at the central wavelength. 

The most important broadening mechanisms in plasma are Doppler broadening and 
Stark broadening. These broadening mechanisms are stronger for the hydrogen lines, than 
for the argon and oxygen lines. The monochromator adds instrumental broadening to the line 
profile. We show that instrumental broadening is the only significant broadening mechanism 
for the measurement of the argon and oxygen lines, while Doppler broadening and Stark 
broadening are significant for the hydrogen line. 

III.8.1. Instrumental broadening 

The instrumental broadening is very important for the simulation of spectra or for the 
measurement of line widths. It is often determined from the linear dispersion and the slit 
width. Another approach is to measure the broadening of a spectral line emitted from a low 
pressure discharge lamp. In such a source, especially in hollow cathode lamps, the Stark 
broadening is negligible and the Doppler broadening, due to the low gas temperature, is very 
weak so that the measured profile is very close to the spread function of the monochromator. 
Here we present a detailed simulation of the spread function of the monochromator. The 
formula were taken from the paper of Trassy et al. [TT98] 

Simulating the spread function of the monochromator 
The spread function of an ideal monochromator would be a dirac function so that the 

measured spectrum would be equal to the real spectrum. But a real monochromator adds 
instrumental broadening to the real spectrum.  
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Figure III-5 shows the sketch of a monochromator of the Czerny-Turner type. The light 
that enters through the entry slit is reflected by the convex mirror a) towards the grating b). 
The distance between the mirror and the entry slit is equal to the focal length of the mirror so 
that the light is reflected parallel and illuminates the whole grating. The grating reflects the 
light towards the second mirror c) which images the light on the CCD or on the exit slit. The 
angle at which the light is reflected depends on the wavelength and on the angle of the 
grating. The light is thus separated. In Figure III-5 the blue lines represent the light with a 
slightly lower wavelength and the red lines represent the light with a slightly higher 
wavelength. The signal on the CCD represents thus the signal of different wavelengths. In 
order to measure a spectrum with a photomultiplier tube, one has to turn the grating stepwise 
and measure the signal after each step. 

For monochromators with a photomultiplier tube one uses generally spherical mirrors. 
Using curved slits one can thus obtain a high spectral resolution. When using CCD camera 
best performance can be obtained with an imaging spectrometer. The imaging spectrometer 
has toroidal mirrors so that the focal plane is flat and the spectral and spatial resolution is 
high all over the CCD. The toroidal mirrors have a different focal length in the axis that is 
perpendicular to the entry slit than in the axis that is parallel to the entry slit. 
 

 
Figure III-5 Scheme of the monochromator of the type Czerny-Turner 

a) convex mirrors, b) Grating, c) convex mirror 

The measured spectrum is then the convolution of the real spectrum and the spread 
function of the monochromator. The spread function is determined by the broadening of the 
grating, the slits and the optical aberrations. The broadening due to optical aberrations is 
very small and is difficult to take into account because it is very sensitive to the alignment of 
the slits, the mirrors and the grating. An example for the calculation of the aberrations can be 
found in the paper of Gil [GS83]. For the simulation of the spread function we calculate 
therefore only the broadening due to the slits and the broadening due to the grating. 
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 Calculating the dispersion of the monochromator 

 
Figure III-6 Scheme of the path difference between two lines of the grating 

Figure III-6 shows how the grating reflects the light. The path difference between the light 
that is reflected by two adjacent grooves is given by equation (III-19). k  is the groove 
density, θ  is the angle of the grating and β2  is the inclusion angle of the grating as shown in 

Figure III-5. Only when the path difference given by equation (III-19) is a multiple of the 
wavelength the light interference is constructive. For all other wavelengths the light 
interference is destructive. Equation (III-19) can be used to calculate the angle of the grating 
for a given wavelength. 

λβθβθ n
k

x =−−+×=∆ ))sin()(sin(
1

 (III-19) 

For the blue line in Figure III-5 the path difference is slightly different (Equation (III-20)) 

λβθβθ n
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 (III-20) 

The derivation of the wavelength with respect to the angle β ′  is then 
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By using the relation fdxd /1/ =′β  we obtain thus the dispersion on the CCD (Equation 

(III-22)) 
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We use equation (III-19) and equation (III-22) to calculate the dispersion of the 
monochromator Acton SP2756.(f=750 mm, k=1800 mm-1, く=6.49°) at a wavelength of 

そ=415 nm. We obtain し=22.1° for the angle of the grating and 710505.6/ −×=dxdλ  for the 
dispersion . The measured dispersion between two atomic lines is 0.4% lower. 

The spread function of the slits 
The spread functions of the slits are rectangular. The width of the rectangles in the 

wavelength space is given by the product of the dispersion and the width of the slits. 
However the dispersion for the entry slit is different than for the exit slit so that we obtain 
equation (III-23) and (III-24) for the width of the spread function of the entry slit and the exit 
slit respectively. entryx∆  and exitx∆  are the slit widths. For a monochromator with a CCD 

camera the width of the exit slit is replaced by the width of a pixel of the CCD. 

entryentry
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The spread function of the grating 
The spread function of the grating is due to the interference of the light from the different 

grooves of the grating. At the center wavelength all grooves interfere constructively and the 
amplitude of the light is the sum of all amplitudes and therefore maximum. At a wavelength 
near to the center wavelength there is a small phase shift between the amplitude from the 
different grooves so that the amplitude is only a fraction of the maximum amplitude. Far from 
the center wavelength the phase shift is so big that the interference is destructive and the 
amplitude is close to zero. ( )( )20
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Equation (III-25) gives the spread function of the grating. Its width depends only on the 

number of grooves of the grating N . In general for a monochromator the groove density k  

and the width of the grating D  are given so that the number of grooves can be calculated 

with DkN ×= . When only small part of the grating is illuminated the number of grooves is 
reduced so that the spread function gets wider. Figure III-7 shows the spread function of a 
grating. 
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Figure III-7 Simulated spread function of 

the HR 640 using: 
 f=640 mm, Slit widths= 90 µm, 

k=2400 mm-1, D=10 mm, そ=420 nm, 
く=13.2° 

 Figure III-8 Simulated spread function of 
the SP2756 using: 

f=750 mm, Pixel width = 20 µm, 
Entry slit width= 90 µm,  k=1800 mm-1, 

D=7 mm, そ=415 nm, く=6.49° 

III.8.2. The spread function of the Jobin Yvon HR 6 40 

 

 

 
Figure III-9 Measured and simulated 

spectra at 352.1 nm 
 f=640 mm, Slit widths= 90 µm, 

k=2400 mm-1, D=10 mm, く=13.2° 

 Figure III-10 Measured and simulated 
spectra at 693.1 nm 

 f=640 mm, Slit widths= 90 µm, 
k=2400 mm-1, D=10 mm, く=13.2° 

Figure III-7 shows the simulated spread function of the monochromator Jobin Yvon HR 
640 which is the convolution of the spread functions of the grating, the entry slit and the exit 
slit. The spread function of the entry slit is slightly wider than the spread function of the exit 
slit due to the different dispersion. Both slits were set to 100 µm in the experiment with the 
Jobin Yvon monochromator. As the simulated spread function with a slit of 100 µm was 
slightly larger than the measured spread function, we concluded that the real slit width was 
only 90 µm and used therefore 90 µm for the simulation of the spread function. We opened 
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the monochromator and observed that only a part of the grating was illuminated. We took this 
into account by simulating the spectra with a grating width of D=10 mm instead of D=106 mm 
(the full width of the grating). For the validation of the simulated spectra we measured 
several lines of different hollow cathode lamps. Hollow cathode lamps are known to have 
very small line broadening. Figure III-9 and Figure III-10 show the simulated and the 
measured line profiles. They are very similar and validate thus the simulation. The FWHM 
(full width at half maximum) of the spread function is about 0.05 nm. 

III.8.3. The spread function of the Acton SP2756 
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Figure III-11 Measured and simulated spectra 
at 415 nm, f=750 mm, k=1800 mm-1, 

Pixel width = 20 µm, Entry slit width= 90 µm,  
D=7 mm, そ=415 nm, く=6.49° 

 Figure III-12 Measured and simulated 
spectra at 641 nm, f=750 mm, 

k=1800 mm-1,  
Pixel width = 20 µm, Entry slit width= 90 

µm, D=7 mm, そ=415 nm, く=6.49° 

 
Figure III-8 shows the simulated spread function of the monochromator Acton SP2756. 

The total spread function is the convolution of the spread functions of the grating, the entry 
slit and the pixel of the CCD camera. The diaphragm at the lens reduce the numerical 
aperture of the measured light to 0057.0350/2 =mmmm  in the direction perpendicular to the 
grooves of the grating so that only a small part of the grating is illuminated (see Figure III-5). 
By multiplying the numerical aperture with the focal length of the monochromator we find that 

only a width of mmD 3.4=  of the grating are illuminated. The diffraction at the entry slit adds 

mmxf entry 3.0)/(sin 1 =∆− λ  to the width of the grating that is illuminated. The comparison to 

experiments however showed that best coincidence could be obtained using mmD 7=  for 
the width of the grating that is illuminated. Figure III-11 and Figure III-12 show the 
comparison between measured Ar line profiles and the simulated spread functions of the 
monochromator. The measured profiles and the simulated spread function are almost 
identical. This validates the simulation method. The Ar lines where measured in the 
inductively coupled plasma in the zone where the measured temperature was around 
8000 K. Small deviations between the measured spectra and the simulated spread functions 
can be due to the Stark broadening and the Doppler broadening. The FWHM of the spread 
function is about 0.07 nm.  
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III.8.4. Doppler broadening 

The Doppler broadening is due to the velocity of the atoms. It is significant for the 
hydrogen atom and not for others because the hydrogen atom is very light and therefore at 
the same transitional temperature it moves much faster than other atoms. At 10000 K the 
thermal velocity of hydrogen is 13000 m/s while it is 3200 m/s for oxygen and only 2000 m/s 
for Argon. The thermal velocity is the most probable value for speed of the Maxwell 
distribution and given by equation (III-26) 

m

Tk
v B

th

2=  (III-26) 

The Doppler broadening gives the line a Gaussian shape. Equation (III-27) gives a 
Gaussian profile. λ∆  is the FWHM and can be calculated with equation (III-28). 
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At a temperature of 7500 K the FWHM of the Doppler broadening of the hydrogen H-
Beta line (486 nm) is nmKD 0302.0)7500( =∆λ  and only nmKD 0042.0)7500( =∆λ  for the 

argon line at 420 nm. The FWHM of the Doppler broadening of the hydrogen line has the 
same magnitude than the instrumental broadening. The line broadening of the argon line is 
much smaller and should thus not modify the line profile. The FWHM of the Doppler 
broadening is proportional to the square root of the temperature. 

III.8.5. Stark broadening 

The Stark broadening is due to collisions between the excited atoms and the free 
electrons and ions of the plasma. The charge of the free electrons and ions modify the 
electric field around the nucleus and modify thus the energy level of the bound electron. The 
energy difference of the transition is thus also modified and therefore the wavelength of the 
emitted light. Some emitted photons have smaller wavelength while others have a higher 
wavelength. The energy distribution of the photons is a Lorentz distribution. The measured 
atomic line has therefore a Lorentzian profile given by equation (III-29). 

The Stark broadening is stronger for the hydrogen lines than for other lines, because the 
charge of the nucleus is very small and its electric field is therefore more sensitive to the 
fields of the free electrons and ions in the plasma. 
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λ∆  is the FWHM 
Griem gives in the book “Plasma Spectroscopy” on page 305 [Gri64] a semi-empirical 
formula to calculate the electron density from the Stark broadening of the hydrogen Ballmer 
lines. (Equation (III-30)). The constant ),( TnC e  (Å-3/2 cm-3) is tabulated for different electron 

densities and temperatures in the same book. Table III-4 shows Griem’s constant for the H-
Beta line (486 nm) and the H-Delta line (410 nm). The constant varies only little with 
temperature and electron density. Griem does not give the constant for electron densities 
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lower than 1014 cm-3. However at such low electron densities the Stark broadening is very 
small.  
We rearrange equation (III-30) and obtain equation (III-31). 

2/3),( λ∆×= TnCn ee  (III-30) 
2/3

),( 


=∆
TnC

n

e

eλ  (III-31) 

The line width is proportional to the electron density to the power of 3/2. As the electron 
density increases strongly with the temperature (see above Calculation of the electron 
density using the Saha-equation) the stark broadening also increases strongly with the 
temperature. 

ne  
1014 cm-3 1015 cm-3 1016 cm-3 

H-Delta T=10 000 K 1.36E+14 1,18E+14 1,04E+14 
H-Beta T=5 000 K 3,84E+14 3,68E+14 3,44E+14 
H-Beta T=10 000 K 3,80E+14 3,58E+14 3,30E+14 

Table III-4 Dependance of Griem’s constant C [Å-3/2 cm-3] 
 on the electron density ne and temperature [Gri64] 

The Stark broadening of the hydrogen H-Beta line (486 nm) at 7500 K (ne=6.7*10-20m-3) 
is nmKS 17.0)7500( =∆λ . At 7500 K the Stark broadening of the H-Beta line is much larger 

than the Doppler broadening and instrumental broadening. 

III.8.6. Other broadening mechanisms 

Natural line broadening is due to the energy-time uncertainty principle htE ≥∆×∆ . The 
shorter the life-times of the upper and the lower excited state of a transition the larger is the 
natural line width. Griem [Gri64] gives an expression for the natural line width 




 +=∆ ∑ ∑
i j

ljui AA
c

2λλ  

We calculate the natural line width of the argon line at 420.1 nm and find 1e-6 nm. This is 
much smaller than the instrumental broadening and should thus not modify the line shape. 

Van der Waals broadening is due to the dipole interaction of an excited atom with the 
induced dipole of a ground state atom. Griem gives the formulas for the calculation of the van 
der Waals broadening which are very complex so that we don’t present them here. Konjevic 
[KK97] applied the formulas to calculate a van der Waals width of 0.004 nm for an argon line 
at a temperature of T = 7000 K and atmospheric pressure. We can therefore conclude that 
van der Waals broadening is much smaller than instrumental broadening. 

III.9. Measurement of the electron density using line 
broadening of hydrogen lines 

We want to measure the electron density in order to test if the ions and excited states are 
in equilibrium and to validate the temperature measurement. The measurement of the line 
broadening of hydrogen Ballmer lines is a method that is often used to measure the electron 
density in a plasma. The hydrogen lines are used because the Stark broadening of these 
lines is stronger than for other lines (See Figure III-13). There are four hydrogen lines in the 
visible range (H-Alpha at 656 nm, H-Beta at 486 nm, H-Gamma at 434 nm, H-Delta at 
410 nm). The line broadening of the H-Beta line and the H-Delta line varies less with 
temperature (less than 5% between 10000 K and 20000 K) than the line broadening of the H-
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Alpha line and the H-Gamma line (up to 30% between 10000 K and 20000 K) [Gri64]. The H-
Alpha lien is very intense so that it is often self absorbed and therefore rarely used for the 
measurement of the electron density. Typically the H-Beta line is used for the measurement 
of the electron density because it is more intense than the H-Delta line. In our study we used 
the H-Delta line because it is next to argon lines with similar intensities so that we can 
measure the temperature with the same spectrum using the absolute line intensity method. 
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Figure III-13 Measured line profiles of the hydrogen lines 

III.9.1. H-Delta line 

The stark broadening of the hydrogen lines depends essentially on the electron density 
and varies only little with temperature. Therefore the measurement of the stark broadening 
can be used to determine the electron density. For measuring the stark broadening the other 
broadening mechanisms need to be considered. Especially at low electron densities other 
Doppler and instrumental broadening are important. A simple method to determine the stark 
width is by extracting the Lorentzian part from a Voigt profile using equation (III-32) [Mil87]. 
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Vλ∆  is the FWHM of the line which has a Voigt profile and Lλ∆  is the FWHM of the 

Lorentzian part. Gλ∆  is the FWHM of the Gaussian part due to the Doppler broadening and 

the instrumental broadening. By rearranging equation (III-32) we obtain the equation (III-33) 
which allows us to calculate the Lorentzian part from the Voigt profile. The instrumental 
broadening can be approximated with a Gaussian profile so that the FWHM of the Gaussian 

part can be calculated with equation (III-34). Mλ∆  is the FWHM of the instrumental 

broadening and Dλ∆  is the FWHM of the Doppler broadening. 

22
DMG λλλ ∆+∆=∆  (III-34) 

. 
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Figure III-14 Radial profile of the FWHM of 
the H-Delta line 

 Figure III-15 Radial profile of the electron 
density measured from the line broadening 

of the H-Delta line 

For the measurement of the electron density we use the radial profile of the FWHM of the 
H-Delta line as shown in Figure III-14. The measurement of the FWHM is described in 
chapter IV. We use the measured temperature to calculate the Doppler broadening and use 

nmM 07.0=∆λ  for the instrumental broadening (Acton SP2756). Using equation (III-34) and 

(III-33) we obtain the Lorentzian FWHM due to the Stark broadening. We use equation 
(III-30) with the constant Griem’s C at ne=1016 cm-3 and T=10000 K to calculate a first 
electron density which is then used to find a better constant using the interpolation between 
the three values of H-delta in Table III-4. The interpolated constant is then used to calculate 
the electron density using again equation (III-30). 

The error on the measured electron density is mainly due to assumption of that the 
Lorentzian FWHM can be extracted from the totale FWHM with equation (III-32). We 

estimate the error on the Stark FWHM to nmM 025.0=∆λ  which is about a fourth of the 

FWHM of instrumental and Doppler broadening. A measured electron density of ne=1·1015 
cm-3 has an accuracy of 9 % and a electron density of ne=8·1015 cm-3 has an accuracy of 
2 %. Other error sources may be an error on Griem’s constant that we can not evaluate. 

We will therefore use the measurement of the line broadening of the H-Beta line which is 
more often used an thus better known to validate the measurement with the H-Delta line in 
chapter VI. 

III.9.2. H-Beta line 

As the line broadening measurement is a standard method for the measurement of the 
electron density in plasma, the theoretic line profile of the H-beta line has been studied many 
times ([WKH75], [KWH93], [GC96], [GGC03]). Gigosos et al. [GGC03] give an extensive 
tabulation of line widths for wide ranges of electron density, temperature and reduced mass. 
They also give a formula for the FWHM of the H-Beta line (Equation (III-35)). 

Gigosos Formula [GGC03]:   
68116.0

32310
800.4 


×= −m

n
nmFWHM e  (III-35) 

Zikic [ZGI02] developed a program to simulate the line profile in dependency of the 
reduced mass of the emitter perturber pair, the electron temperature, the ion temperature 
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and the electron density. For the application of this simulation we assume local thermal 
equilibrium and use therefore the same temperature for the ions and for the electrons and we 
calculate the electron density with the Saha equation. The reduced mass of the hydrogen 
atom with the argon ion as perturber is 0.98u. 

In Figure III-16 we compare the FWHM of Griems formula (III-30) to the FWHM of 
Gigosos fromula (III-35) and the line width of the simulated line profiles at local thermal 
equilibrium using the program of Zikic. The electron density of Gigosos and Zikic is slightly 
lower, which is probably due to the better simulation the ion dynamics. Gigosos’s formula 
agrees very well with the simulation that we run with the program of Zikic. This shows that 
the Gigosos’s formula is well adapted to the conditions in our plasma. 

We estimate just as for the H-delta line the error on the measurement. A measured 
electron density of ne=1·1015 cm-3 has an accuracy of 25 % and an electron density of 
ne=8·1015 cm-3 has an accuracy of 6 %. 
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Figure III-16 Electron density vs FWHM for Griems formula (III-30), 

Gigosos formula (III-35) and for the simulation with the program of Zikic 
[ZGI02] 

III.10. Line profile simulation 
With a spectrometer with photomultiplier tube the measurement of the total emissivity of 

a line is not straight forward. One can only measure the spectral emissivity at one 
wavelength at a time. The spectral emissivity )( 0λε  (W/m3/nm) of a line can be written as 

product of the total emissivity of a line lineε  (W/m3) and line profile function )(λP (nm-1) as 

shown in equation (III-34). 
We need therefore to know the line profile function )(λP  in order to calculate the total 

emissivity of a line lineε  from the spectral emissivity at the central wavelength )( 0λε  as 

shown on equation (III-30). We can simulate the line profile function )(λP . 
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)()( λελε Pline ×=  with 1)( =∫
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The shape of the line profile is the convolution of the three broadening mechanisms 

discussed above. The three profiles are shown in Figure III-17. 

First we want to measure whether the Doppler broadening and Stark broadening are 
high compared to the instrumental broadening. We therefore measured the wavelength 
profile of the light that is coming from the centre of a plasma, that is at about 7500 K. As 
Doppler broadening and Stark broadening increase with the temperature they are strongest 
in centre of the plasma where the temperature is highest. Figure III-18 shows the normalized 
intensity profile for the four lines that were used for the measurement with the 
monochromator with photomultiplier and the spread function of the monochromator. 
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Figure III-18 Shape of the peaks and simulated spread function of the monochromator HR640 

(slit width: 90 µm, f=640 mm, k=2400 mm-1, D=10 mm, そ=420 nm, く=13.2° ) 

The oxygen peak and the two argon peaks have the same shape as the spread function 
of the monochromator, which means, that Doppler broadening and Stark broadening are 
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Figure III-17 Convolution of the different profiles 
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negligible. As these broadening mechanisms are negligible in the centre with the highest 
temperature, they are also negligible in the whole plasma. The line profile function )(λP  is 

thus equal to the spread function of the monochromator multiplied by a normalization factor 
(so that the area under the curve is 1). We can thus use the spread function )( 0λP  to 

calculate the total emissivity of the line lineε  from the emissivity at the central 

wavelength )( 0λε . 

The shape of the hydrogen peak is very different from the shape of the spread function of 
the monochromator. This shows that Stark broadening and Doppler broadening are 
significant. For this reason we study the line broadening of the H-Beta line in order to be able 
simulate the line profile function. 

III.10.1. Simulation of the Stark width of the H-be ta line 

As discussed above, the Stark broadening of the H-Beta line depends primarily on the 
electron density which can be calculated with the Saha-equation when the plasma is in local 
thermal equilibrium. In one direction the measurement of the Stark broadening can be used 
to measure the electron density and test thus the assumption of LTE. In the other direction 
the assumption of LTE permits to calculate the electron density (as described above) and 
calculate thus the Stark broadening. 

We use equation (III-31) for the calculation of the Stark width. 
Griem does not give the constant for electron densities smaller then 1014 cm-3. The 

reason for this is probably the fact that the effect of Stark broadening is very small at low 
electron densities. We use a polynomial interpolation of the constant for H-Beta (see Table 
III-4) versus the logarithm of the electron density to obtain a value for the constant at every 
electron density (see Figure III-19). For electron densities smaller than 1014 cm-3 this is not 
very precise but since the Stark broadening is very small it does not have any effect on the 
concentration ratio measurements.  

We use a linear interpolation between the constant at the two temperatures 5000 K and 
10000 K. 

 
Figure III-19 Plot of Griem’s constant vs electron density 

with interpolation 

With the help of Griem’s constant we can calculate the Stark broadening for different 
electron densities and hence for different temperatures. Since Griem’s formula is 
semi-empirical and the estimation of the thermal equilibrium is not verified, an experimental 
validation is necessary. This will be discussed in appendix B. 
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Figure III-20 Measured and simulated line profile of the H-Beta line, 

Acton SP2756, slit width 70 µm 

While the Stark broadening of the H-Beta line gives Lorentzian shape at electron 
densities below 5x1020 m-3 this is not the case at higher electron densities as shown in Figure 
III-20. While the edge of the line has still a Lorentzian shape there is a dip in the centre. This 
dip is due to the ion-dynamics. Figure III-20 shows simulated profiles at two different 
temperatures and a measured profile. The Stark profiles calculated with the Zikic’s program 
have been convoluted with a Doppler profile at 8500 K and the spread function of the 
monochromator Acton SP2756 at 486 nm with a slit width of 70 µm. The two simulated 
profiles are very close to the measured profile, which shows that it should be possible to 
simulate the ratio between the total emissivity and the emissivity at the central wavelength at 
electron densities of about 3x1021 m-3. 

However the verification of the simulation that we performed here would have been 
difficult with a monochromator without CCD detector. Therefore we did not apply the 
simulation with Zikic’s program for the concentration ratio measurement [H]/[Ar] with the 
monochromator with photomultiplier tube. For measurements of the concentration ratio 
[H]/[Ar] above an electron density of 5X1020 m-3 (T~7500 K) we used the optical setup with a 
CCD camera. 

 
 

The multiplet of the H-beta line: 
The H-Beta line corresponds to the transition from the energy level n=4 to n=2 of the 

hydrogen atom. Figure III-21 shows the corresponding energy levels and the transitions 
between them. 

In the energy level n=4 the angular momentum of the electron has the quantum number l 
= 0, 1, 2 or 3 (s, p, d or f). The total angular momentum, which is the sum of the spin and the 
angular momentum of the electron, can have the quantum number j=|l+s| or j=|l-s|. Therefore 
the possible configurations are 4s1/2, 4p1/2, 4p3/2, 4d3/2, 4d5/2, 4f5/2, 4f7/2. 
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In the energy level n=2 the angular momentum has the quantum number l = 0 or 1 (s or 
p) and the possible configurations are therefore 2s1/2, 2p1/2, 2p3/2. Due to the fine structure 
resulting from spin-orbit coupling, states with a larger total angular momentum have a higher 
energy. The difference between the energy states s1/2 and p1/2 is due to the Lamb-shift. 
These energy differences are approximately 10-4 times smaller than the energy difference 
between the state n=4 and n=2 so that the relative difference between the wavelengths of 
the lines of the multiplet is very small. All the lines are also split by the hyperfine interaction 
that results from interaction with the spin of the proton. This effect is too small to be relevant 
here. 

Due to the selection rule for electric dipole radiation 厭l=±1 only the states 4p can make 
transitions to the 2s state and only the states 4s and 4d states can make transitions to the 2p 
state. Therefore there are seven possible transitions as shown in Figure III-21. 

In Figure III-22 we show the factor ulu Ag , which is proportional to the intensity (see 

equation (III-4)), for the seven different lines of the multiplet of H-Beta. 
 

 
Figure III-21 Energy level scheme of H-Beta (source[HKP93]) 

 

 
Figure III-22 The intensity of the different lines of the multiplet H-Beta 

The difference between the smallest wavelength and the longest wavelength of the 
multiplet is about 0.01 nm. This adds an additional broadening to the line profile of H-Beta 
line which is in reality the sum of seven line profiles. This broadening is only significant when 
the Stark broadening is small. For the simulation of the line profile we took this into account. 
We simulated the seven line profiles of the multiplet and summed their profiles. For the 
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measurement of the electron density we did not take into account the broadening due to the 
wavelength difference between the lines of the multiplet. 

 

III.11. Measurement of the electron density using the 
continuum emissivity 

The radiation of the continuum is mainly due to the photo-recombination of ions and 
electrons. Equation (III-38) gives the emissivity of the continuum which depends on the 
wavelength, the temperature and the electron density [Hof78]. The sum extends over all ionic 
states of interest of the same atom. 

The Bremsstrahlung due to collisions plays only a role at high electron densities and at 
infrared wavelengths [WKT91]. Equation (III-38) can be simplified to equation (III-39) using 
the assumption of a weakly ionized plasma. We calculated the partition function 1Z  of the 

singly ionized argon atom which is 5.6 at 10000 K and varies very little with temperature. The 

statistical weight of the ground state of the ions 1
0g  divided by the partition function of the ion 

is then 0.71.  The equation (III-38) is in esu-units and has to be multiplied by 
3

0 )4( −πε  to 

express it in SI-Units. The constant in equation (III-39) is then 15.0443
1 1063.1 −−×= srKWmC  

[BVM11]. 
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The Biberman factors ),(, TArc λξ  for argon and oxygen plasma have been taken from 

papers of Hofsaess [Hof78] [Hof79] and are presented in Table III-5 for 410 nm and 640 nm. 
These two wavelengths are close to the lines that were used for the concentration 
measurement. 
 

 410 nm 640 nm 

 Arc,ξ   6000 K 1.28 2.00 

Arc,ξ  10000 K 1.48 1.85 

Oc,ξ  10000 K 0.46 0.65 
Table III-5 The Biberman factors for argon plasma [Hof78], [Hof79] 

The Biberman factors for oxygen are lower than the Biberman factors of Argon. A high 
oxygen concentration may therefore falsify the electron density calculated with the Biberman 
factors for argon. 
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III.12. Concentration measurement of the OH-radical  
The calculation of the emissivity of molecules is complex. We thus simulated the 

emissivity of OH for different temperature with the program Specair [Lau02] which is 
available on the internet. The spectroscopic model used for the simulation of the OH 
spectrum is described in [LLK99]. The program includes a convolution with a spread function 
(in Specair it is called “slit function”). We used a triangular spread function with a base width 
of 0.12 nm. We compared the shape of the measured OH spectrum to the simulated 
spectrum at 5500 K (Figure III-23). The spectrum is very similar, especially between 3061 Å 
and 3067 Å. The differences could be due to the fact that the measured light is integrated 
over regions with different temperatures, but it could also be due to the simulated spectrum 
being imprecise. As the spectrum is very similar, we can use the measured spectral 
emissivity at an arbitrary wavelength and divide it by the simulated spectrum with a known 
concentration and thus obtain the concentration. For the measurement we chose the 
wavelength 3064 Å, because the maximum can easily be found in the spectrum. 
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Figure III-23 Comparison of simulation and measurement of the OH spectrum 

 

III.13. Abel inversion 
In the paragraphs above we described how we can measure different parameters with 

the local emissivity. However with emission spectroscopy we can not measure directly the 
local emissivity because the light that comes out of the plasma is always the integral of the 
emissivity along a path across the plasma. The Abel inversion can be used for axially 
symmetric light sources to reconstruct the local emissivity from an intensity profile. 
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III.13.1. Theory 

 

Figure III-24 Abel inversion 
The circle stands for the 
plasma 
The blue arrow stands for the 
observation chord 

We measure the intensity of the light which comes from the plasma with the optical 
setup, which is described in chapter IV. This setup allows us to measure the light that is 
emitted into one direction along a thin observation chord that crosses the plasma (see Figure 
III-24). The intensity is the integral of the different local emissivities along this chord. We 
measure the intensity )(yLλ  for different distances y  to the centre of the axially symmetric 

plasma. We can then write for this intensity profile: 

∫∫
−

== 00

0 0

),(2),()(
xx

x

dxyxdxyxyL λλλ εε  (III-41) 

x  is the direction of observation and 0x  the point where the chord leaves the plasma.  

We use 22 yrx −=  and 22
0 yRx −=  and thus obtain from (III-41) a relation 

between the lateral profile of the intensity )(yLλ  and the radial profile of the emissivity 

)(rλε . 

∫
−

= R

r yr

rdr
ryL

22
)(2)( λλ ε  (III-42) 

The Abel inversion (III-43) ([NO60]) is the inversion of equation (III-42). It allows us to 
calculate the radial emissivity profile from the lateral intensity profile. 

∫
−

−= R

r ry

dy

dy

ydL
r

22

)(1
)( λ

λ π
ε  (III-43) 

There are different algorithms to calculate the integral of the Abel inversion for a finite 
number of elements. In our study we applied the method from Nestor and Olsen’s studies 
[NO60]. The algorithm is explained in Appendix B. An elaborated study on the confidence 
intervals of the Abel inversion can be found in [CH06]. With the local emissivity one can 
calculate the temperature and the concentrations with the above-mentioned formulas (III-11) 
and (III-14). 

III.13.2. Testing the Abel logarithm with a test fu nction 

In order to test the Abel algorithm the test function (III-44) with the known Abel inversion 
(III-45) was used [BPH96]. 
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10231)( 32 ≤≤+−= rrrrε  (III-45) 

In order to get test function with zero emissivity in the centre as it is the case in some 
measured profiles we subtract the test function (III-45) with 100 data points from the same 
function with 200 data points and obtain thus the new test function for the radial emissivity as 
shown in Figure III-26. We do the same procedure for the test function (III-44) and thus 
obtain the test function for the lateral intensity as shown in Figure III-25. The function in 
Figure III-26 is the Abel inversion of the function in the Figure III-25 because the Abel 
inversion of the sum of two profiles is equal to the sum of the Abel inversions of two profiles. 
We chose the amplitude so that it is close to the measured amplitude. 
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Figure III-25 Lateral profile of test function  Figure III-26 Radial profile of test function 

Figure III-28 shows the theoretical radial profile of Figure III-26 and the profile of Figure 
III-25  inverted by the Abel algorithm. The two profiles are so identical that no difference can 
be seen.  Figure III-29 shows the relative error between the theoretical profile and the profile 
inverted by the Abel algorithm. The relative error is very small, with an exception for the very 
low emissivity in the center which shows that the used Abel algorithm is precise for this 
profile. 

III.13.3. Testing the influence of noise and smooth ing on the Abel 
inversion 

As the Abel inversion uses the derivative of the signal it is very sensible to noise. We 
therefore simulate the noise in order to study the impact on the measurement. The amplitude 
of the shot noise of the camera is equal to the square root of the signal. While shot noise 
follows a Poisson distribution we simplified it by a uniform distribution with an amplitude that 
is the square root of the amplitude of the signal. Figure III-27 shows the lateral profile with 
and without the added shot noise. The shot noise is so small that the difference between the 
two profiles can hardly be identified. The Abel inversion amplifies the shot noise so that in 
Figure III-28 we can clearly see the difference between the Abel inversion of the signal 
without noise and the signal with noise. 
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Figure III-27 Lateral profile of test function 
with added shot noise 

 Figure III-28 Abel inversion of test function 
and test function with added shot noise 

In order to reduce the shot noise a polynomial smoothing with the order 2 and a length of 
11 data points was applied. In order to quantify the noise, 1000 simulations where run and 
the mean relative error on the Abel inversion is calculated. The relative error is the absolute 
difference between the calculated profile and the theoretical profile divided by the theoretical 
profile. Figure III-29 shows the mean relative error on the Abel inversion. One can see that 
the error is much higher with the noise than without the noise. The smoothing reduces the 
noise significantly. 
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Figure III-29 Relative error on Abel inversion 

 

III.14. Conclusion 
We presented several spectroscopic techniques and chose the optical emission 

spectroscopy. The developed methods are based on the assumption of local thermal 
equilibrium and of symmetry of the plasma. 

The measurement of the absolute emissivity of an Argon line can be used to calculate 
the temperature. The measurement of the emissivity ratio can be used to calculate the 
concentration ratios [H]/[Ar] and [O]/[Ar]. Line broadening plays an important role for 
emissivity measurements with a monochromator with photomultiplier tube that can only 
measure one spectral emissivity at a time. We showed that we can precisely simulate the 
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spread function of the two monochromators that we used in this study. Stark broadening can 
be used to measure the electron density and thus validate the assumptions of local thermal 
equilibrium and the temperature measurement. 

The Abel inversion can be used calculate the radial emissivity (W/m3) from a lateral 
intensity profile (W/m2). We tested the Abel inversion algorithm with a test function and 
showed that the Abel inversion amplifies the noise on the lateral intensity profile. Polynomial 
smoothing can be used to reduce the noise. 

 In the following chapter IV we present the experimental facilities that are used for the 
generation of the plasma and for the measurement of the emissivity. In chapter V we present 
the spectroscopic measurements.  

 

List of symbols 
 

][ X  (m-3) Concentration of the element X 

ulA  (s-1) Transition probability of the line between the 
excited states u (upper) and l (lower) 

-1s299792458m×=c  Speed of light 

),( TnC e  (Å-3/2 cm-3) Griem’s constant for Stark broadening 

D  (mm) Width of the grating of the monochromator 

C1051.60217656 -19×−=e  Electron charge 

uE  (eV) Energy of the excited state u (upper) 

f  (m) Focal length 

ug  Degeneracy of the excited state u (upper) 

sJh ××= -341061.05457172  Planck constant 

k  (mm-1) 
Groove density of the grating of the 
monochromator 

151061734.8 −− ××= KeVkB  Boltzmann constant 

)(yLλ  (W.m-2.nm-1) Spectral intensity of the light that exits the plasma 
at the position y 

-2c8MeV0.51099892 ×=em  Electron mass 
2938.27M −×= ceVmH  Hydrogen atom mass 

n  Diffraction order 

N  
Number of grooves on the grating of the 
monochromator 

en  (m-3) Electron density 

totn  (m-3) Total particle density (Atoms, electrons, ions) 

un (m-3) Density of atoms in the excited state u (upper) 

p (Pa) Pressure 

)(λP  nm-1 Line profile function 
r  (mm) Radial coordinate for the position in the plasma 
R  (mm) Radius of the plasma 
T  (K) Temperature 

thv (m.s-1) Thermal velocity of the atoms 
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y  (mm) Coordinate for the lateral position 

)(TZ  Partition function 
  

β  (°) Half inclusion angle of the grating of the 
monochromator 

112
0 108541878176.8 −− ××= mFε  Permittivity of the vacuum 

lineε  (W.m-3) Total line emissivity 

λελε ),( (W.m-3.nm-1) Spectral emissivity 

θ  (°) 
Angle of the orientation of the grating of the 
monochromator 

λ  (nm) Wavelength 
λ∆  (nm) Full width at half maximum (FWHM) 

Oc,ξ  Biberman factor 

Dρ  (nm) Debye length 

χ∆  (eV) Reduction of the ionization energy 

Zχ  (eV) Ionization energy of the ionization stage Z 
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IV. Experimental Facilities 
Before describing the experimental setup it is helpful to understand how an inductively 

coupled plasma torch works. 

IV.1. How does an inductively coupled plasma (ICP) torch 
work? 

An inductively coupled plasma torch consists basically of a gas flow and an induction coil 
which is installed around the gas flow (Figure IV.1 on the left). The induction coil creates an 
oscillating electromagnetic field and thus supplies energy to the plasma. The induction coil is 
connected in parallel to a capacitance and this LC-circuit oscillates at its resonance 
frequency. The LC-circuit is connected to the generator which supplies energy. We examine 
in more detail the energy transfer from the induction coil to the plasma: 

The oscillating electric current in the induction coil induces a homogeneous oscillating 
magnetic field parallel to the axis of the induction coil and the plasma (Equation (IV-1), Figure 
IV.1 on the left). The oscillating magnetic field then induces an electric field which is 
tangential to the axis of the induction coil (Equation (IV-2), Figure IV.1 on the right,) 

dtEdjB /000

���
εµµ +=×∇  (IV-1) 

dtBdE /
��

−=×∇  (IV-2) 

 
Figure IV.1 Electromagnetic fields in an inductively coupled plasma torch 

This electric field then supplies energy to the electrons. The collision frequency of the 
electrons is much higher than the frequency of the electric field so that the power absorption 
of the electrons is similar to the power absorption in a constant electric field. 

As the electric field accelerates a large number of electrons it creates a macroscopic 
current in the plasma which shields the electromagnetic field. The electromagnetic field in the 
interior of the plasma is therefore close to zero. The induced current flows in the opposite 
direction of the current in the induction coil in accordance to Lenz’s law. An induced current 
has always a magnetic field that opposes the original change of magnetic flux. The 
magnitude of the depth to which the electromagnetic field penetrates into the plasma can be 
estimated with the formula for the skin depth (Equation (IV-3)). We use a typical generator 

Induction 
coil 

Plasma 

Front view 

Magnetic 
field 

Induced current 

Top view 

Induction  
coil current 
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frequency of MHzf 40=  and the conductivity of Argon at thermal equilibrium at 7000 K 
11400)7000( −−≈ mAVKσ . (Calculated with T&TWinner [TTW]).  

mm
f

4
2

2 ==
σµπ

δ    with   
mA

SV

×
××= −7104πµ  (IV-3) 

 The calculated skin depth is only an approximation. The conductivity of the plasma 
increases strongly with the temperature because the electron concentration increases. At the 
edge of the plasma the temperature gradient is very high so that the conductivity gradient is 
also very large. 

IV.2. The geometry of the plasma torches 
In this study we used two different plasma torches. One plasma torch that is typically 

operated at 2 kW which will be denominated small torch and a second plasma torch that is 
typically operated at 40 kW that will be denominated big torch. 

Both torches (Figure IV.3. and Figure IV.2 ) consist of three concentric tubes. (Outer 
tube, intermediate tube and inner tube).  While the small torch has no active cooling the big 
torch has water cooling for the inner tube and the outer tube. 

The outer tube isolates the plasma from the induction coil. The intermediate tube ends 
below the induction coil. The cross section between the intermediate tube and the outer tube 
is very small so that a gas flow with a high velocity can be injected between them. This outer 
flow confines the plasma and reduces the heat flow from the plasma to the outer tube and 
protects thus the outer tube from melting. The cold gas from the outer flow, which surrounds 
the plasma, has a very small conductivity and does not absorb power from the 
electromagnetic field. The hot gas of the plasma has a high conductivity and absorbs the 
power. Between the two gas flows the absorption of energy and the heat convection and 
diffusion are in equilibrium (see chapter VI). Torches without an intermediate tube need to be 
operated with higher gas flow rates to protect the outer tube and have thus a higher gas 
consumption. The outer flow is very important for the small torch without active cooling 
because a high heat flow from the plasma would melt the outer tube. The big torch is less 
sensitive to the high heat flow because the outer tube is water cooled. 

The intermediate flow that is injected between the inner tube (injector) and the 
intermediate tube protects the intermediate tube from the heat of the plasma. When the 
intermediate flow is to low the plasma comes close to the intermediate tube which may melt. 

The inner tube has the role to inject substances in the centre of the plasma without 
modifying the induction zone at the edge of the plasma. The injection of a water aerosol as it 
is done in chemical analysis would disturb the coupling if it would reach the induction zone. 

IV.2.1. The small torch 

The geometry of the small torch is shown in Figure IV.3. As described above, the 
inductively coupled plasma torches consist of three concentric tubes. The small torch has 
two quartz tubes and the injector tube is made of alumina. A photo of the small torch is 
shown in Figure IV.1 
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Figure IV.3 Geometry of the small plasma torch 

IV.2.2. The big torch 

The geometry of the big torch is presented in Figure IV.4. The outer tube (orange) and 
the injector (blue) are water cooled copper tubes that can absorb higher heat fluxes than the 
quartz and alumina tubes of the small torch. The outer tube is divided into eight segments so 
that it does not shield the electromagnetic field. The intermediate tube (red) is a quartz tube. 
The big plasma torch is installed upside down on a reaction chamber. The outlet of the torch 
is at the top of the reaction chamber. 
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Figure IV.4 Geometry of the big plasma torch 

IV.3. The RF generators 
Our radio frequency (RF) generators work with a direct current. The alternating current 

from the power grid is transformed to a high voltage and then rectified. For the operation of 
the plasma torches, the voltage of the direct current is maintained constant. The direct 
current is measured in order to measure the power that is coupled into the plasma. In the 
measurements we give also the plate power, which is the power of the DC current. We 
assume that the power coupled into the plasma is proportional to the power of the DC 
current. 

The high frequency alternating current is then created from the direct current using one 
or two triodes. The triode consists of a heated cathode, a grid and an anode in a low 
pressure chamber (Figure IV.5). The electrons form a cloud around the heated cathode and 
are attracted to the positively charged anode. When the grid is not charged the electrons flow 
from the cathode through the grid to the anode without interaction with the grid and the 
characteristics of the triode are similar to those of a resistor. When the grid is negatively 
charged the electrons are repulsed so that the current is reduced. When the grid is positively 
charged the electrons are accelerated and the current is increased. 

In order to obtain an alternating current from the direct current the generator needs an 
oscillating circuit. The oscillating circuit is connected to the grid of the triode so that output 
voltage is fed back. The feedback loop acts so that the current increases when the voltage of 
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the circuit is maximal. In this way the triode supplies energy to the oscillating circuit at its 
resonance frequency. 

IV.3.1. The power generator for the small torch 

For the small 2 kW plasma torch we used a 40 MHz generator designed by RC DURR. It 
uses a tuned line oscillator which is described by Trassy [TM84] and Abdallah [ADJ76]. The 
oscillating circuit is formed by the anode lines which are a quarter wave length long (Figure 
IV.6). The frequency is therefore )l/(cf 4=  (Figure IV.6). The LC-circuit couples to the 
plasma. When the plasma changes its shape or conductivity it causes a change of the 
impedance of the LC-circuit. The coupling lines play the role of an impedance matching 
system which minimizes power reflection of the LC-circuit.  

IV.3.2. The power generator for the big torch 

The generator of the big torch is of the type Collpits (Figure IV.7). The oscillating 
LC-circuit is formed by the capacitor and the induction coil on the right. The exact operation 
is rather complicated and has been well studied by Ernst. [Ern96]. We give here a simplified 
explanation for the working principle. During less than half of the period, when the top of the 
capacitor is negatively charged the feedback circuit charges the grid of the triode positively 
so that the triode becomes conductor. The short current peak that flows through the triode 
every period is separated by the choke coil and the link capacitor into a direct current and a 
radio frequency current. The radio frequency current flows towards the oscillating circuit and 
supplies it thus with energy. The frequency here is determined by the capacitor and the 

induction coil. )LC/(f π21=  and in our case is between 3.1 and 3.2 MHz depending on 
the impedance of the plasma. 

 

 

 

Figure IV.5 Triode  Figure IV.6 Tuned line generator 
(1) inductor, (2) adjustable capacity 

(3) coupling lines 
(4) grid that screens the electric field 
(5) Anode lines, (6) feedback circuit 

(7) triodes, (8) Anode plates 
(9) Grids, (10) Cathodes 

[Ikh10] 

Source: 
http://fr.academic.ru 
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Figure IV.7 Generator of the type collpits 

IV.3.3. The efficiency of the power generators 

Generator 23.9kW

Chamber 5.4kW

Target 6.7kW

Outer tube of torch 
5.3kW

Injector of torch 
2.3kW

 
 
Figure IV.8 Power balance measured on the temperature difference 

of the coolant water for a DC power of 44.2 kW, Sum: 43.7 kW 

The energy efficiency, the ratio between the power coupled into the plasma and the DC 
power is not known very precisely. However this factor is very important for the CFD model 
where the energy coupled to the plasma is set as a basic condition. 

Lacombe [LDT08] reports an efficiency of 70 % for the power generator. We measured 
the power received by the different elements of the installation of the big torch by measuring 
the temperature difference and the flow rate of the coolant water. For this the plasma was 
operated during 30 min with the same parameters so that the power measured by the 
coolant flow has the time to stabilize. Especially the reaction chamber has a high thermal 
inertia so that the power stabilizes only after several minutes. 

Figure IV.8 shows the results of this measurement. The heating power of the triode of 
4.3 kW has yet been subtracted from the measured power of the coolant water of the 
generator (29.5 kW). The power evacuated by the gas flow was estimated to 0.2 kW using 
the temperature of the gas at the outlet of approximately 150°C. The power evacuated by the 
gas flow has been added to the power received by the chamber (5.2 kW). 
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The power received by the elements that are heated by the plasma (the torch, the 
chamber and the target) is only 45% of the DC power. As the outer tube also heated by the 
induced current, the efficiency is probably lower than 45%. 55% of the DC power remains in 
the generator. Benmansour [Ben03] found an efficiency between 38 % and 44 % for a 20 kW 
torch. This confirms our measurement. 

The triode is probably the element that causes the major part of these losses. The power 
losses in the inductor are included in the measured power of the generator as they are on the 
same coolant circuit. 

The sum of the power measured with the coolant water is slightly lower than the DC 
power. This difference may be due to the inaccuracy of the measurement of the DC power, 
due to heating of the generator from the rectifier or due to the inaccuracy of the power 
measurement of the coolant water. 

IV.4. The flow controllers 
Two different flow controllers were used in the experiments. For the spectroscopic 

experiments with the small torch and the purification experiments with the big torch 
rotameters were used to measure the flow. For the spectroscopic measurements with the big 
torch we used mass flow controllers. 

IV.4.1. Rotameter 

The flow controllers are mounted with a rotameter. With the rotameter the user can 
measure the flow rate and hence adjust the flow rate to a desired value. The rotameter 
consists of a float in a glass tube with a section that increases from the bottom to the top 
(see Figure IV.9.) The position of the float is determined by the equilibrium of the forces 
buoyancy, gravity and the flow forces. While the first two forces are constant, the latter 
changes with the flow rate and the position of the float. When the flow increases the float is 
pushed to a higher position until the flow force is the same as before. The user can read the 
position of the float which is approximately proportional to the flow rate. There are three 
different ways to calculate the flow rate from the position of the float. 

•  The easiest and least precise way is to divide the position by the length of the 
tube and multiply the result with by maximal flow rate that is given for the tube 
with the float. 

•  A more precise way is the use of calibration curves that are furnished by the 
manufacturer.  

•  The most precise way is to calibrate the flow meters regularly. 
For the measurements on the small torch we always used the first method. For the 

purification experiments with the big torch, we calibrated the flow meters once. 
We measured the flow rate with a 500 ml cup that was filled with water and placed 

upside down in a reservoir (Figure IV.10 right). We measured then the time it took to fill up 
the cup with the gas. We divided the volume of the cup by the measured time and obtained 
in this way the flow rate. We made several measurements for each flow meter and fitted than 
a second order polynomial (Figure IV.10). For high flow rates we used instead of the cup a 
jerry can whose volume was measured to be 27.3 l. 
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Figure IV.9 Setup flow controller test 

 
Figure IV.10 Calibration of the flow controller 

The squares are the measured points and the curve is the fit 

The mass flow rate which is interesting for our measurement depends on the value given 
by the flow meter and on the pressure. In [efu] a formula for the mass flow rate of a rotameter 
is deduced: 
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The cross section area of the tube )z(Aa  below the float and the cross section area of 

the space between the float and the tube )z(Ab   are functions of the height z. The geometry 

(height hf, cross section area Af, volume Vf) and the density fρ  of the float determine also 

the flow rate. In our case the density of the float fρ  is about 1000 times higher than the 

density of the fluid ρ . With ff hA/V ≈  we can simplify equation (IV-4) to 
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 (IV-5) 

 
We can see that the mass flow is proportional to the square root of the density of the fluid 

ρµQ and therefore also to the pressure in the rotameter pQµ . The pressure of the 

inner flow and the outer flow are both equal to the atmospheric pressure. Due to the pressure 
drop in the torch the pressure of the coolant flow increases up to 2.1 bar at a flow rate of 
6.5 m3/h. We have to multiply the value from the calibration with the square root of the ratio 

between the pressure in the rotameter and the atmospheric pressure atmpp . At high gas 

flows the expanding gas is cooled down. As no ice was observed at the bottle we can 
estimate that the temperature remained above 0 °C a n d temperature variations thus below 
20 K. Temperature variations of 20 K may cause a variation of 3.4% as shown in equation 
(IV-6). 

%4.3
293

20
5.05.0 =×=∆×=∆=∆

K

K

T

T

Q

T

dT

dQ

Q

Q
 (IV-6) 

 

IV.4.2. Mass flow controller 

The mass flow controllers used for the spectroscopic measurements on the big torch are 
from the Brooks SLAMf series. Figure IV.11 shows the working principle of such a mass flow 
controller. For the measurement of the flow rate the flow is divided into a flow ‘A’ that passes 
through the flow sensor and a flow ‘B’ that passes through a restrictor. The pressure 
difference between the point upstream of the restrictor and the point downstream is 
proportional to the total flow rate ‘A’+ ‘B’. 
The flow sensor consists of a thin tube with a heater and two temperature sensors next to the 
heater. The heater heats the gas with a constant power. When the flow rate is zero the two 
temperature sensors next to the heater measure the same temperature. When gas flows 
through the flow sensor heat is carried from the heater to the downstream temperature 
sensor so that this temperature sensor measures a higher temperature than the upstream 
temperature sensor. This temperature difference 12 TTT −=∆  between the two sensors is 

proportional to the gas mass flow. The relation between the gas mass flow ]/[ skgm  and the 

temperature difference T∆  is given by equation (IV-7).  
mCPAT P ×××=∆  (IV-7) 

Where 

 ]/[ 222 kJKsA  Constant of proportionality 

]/[ skJP   Heater power 

]//[ KkgkJCp  specific heat of the gas at constant pressure 

The electronics creates a signal that is proportional to the measured temperature difference. 
A calibration is necessary so that the electronics can transform the signal into a mass flow. 
The calibration curve is different for different gases because the specific heat is different. 
With calibration the accuracy of the mass flow controller is 1%. A desired value can be set for 
the mass flow. The valve adapts then the gas flow until the flow sensor measures the desired 
value. The desired value is set in the unit sm3/h (1sm3/h = 1 m3/h at 0 °C and 101.325 kPa). 
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Figure IV.11 Working principle of the Brooks mass flow controller 
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IV.5. The nebulizer 
We used a nebulizer of the type Meinhard (Figure IV.12 left) to inject water into the 

plasma. It consists of a nozzle with a gas flow and a small tube for the liquid. The liquid is 
sucked into the high velocity argon jet and turned into an aerosol. In our experimental setup 
the nebulizer is assembled with a Scott spray chamber (Figure IV.12 right), which removes 
the biggest droplets from the aerosol. A peristaltic pump was used to supply the liquid to the 
nebulizer. 

 

 
Figure IV.12 Nebulizer of type Meinhard (left) and assembled with a Scott spray chamber 

(right). Source [TM84] 

IV.6. The optical setups 
Two different optical setups were used in this study. For the measurements on the small 
plasma torch (~2 kW) a monochromator (Jobin-Yvon HR640) with a photomultiplier was used 
to test the method. The measurements on the big plasma torch were then done with an 
imaging monochromator (Acton SP2756) with a CCD camera. Table IV-1 compares the two 
monochromators and the optical setups 

IV.6.1. Optical setup with Jobin-Yvon HR640 (with p hotomultiplier) 

The first measurements were done with the optical setup that is shown in Figure IV.13. 
The light emitted by the plasma is reflected by a turning mirror towards the monochromator. 
A lens focuses the light onto the entry slit of the monochromator. Since the width of the entry 
slit is very small (100 µm * 2 mm) only the light which is coming from a chord, with the cross 
section of the image of the entry slit, can enter the spectrometer. This is important for the 
Abel inversion which is described in chapter III. 

The spectrometer consists of a monochromator HR640 Jobin Yvon and a photomultiplier. 
The current from the photomultiplier is amplified and flows then to a box that counts the 
photons. The box sends a number of hits to the computer for the data acquisition. The 
number of hits per second is proportional to the intensity at the wavelength of the 
monochromator. The computer controls the turning mirror, the monochromator and the 
acquisition time. The turning mirror turns step by step and after each step the computer 
measures the intensity and obtains thus a lateral intensity profile. The measured number of 
hits per second is proportional to the spectral intensity at the wavelength at which the 
monochromator is set. The important details of the setup are given in Table IV-1.  
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 a) Jobin-Yvon b) Acton 

Monochromators   

Focal length 640 mm 750 mm 

Half inclusion angle of grating 13.2° 6.49° 

Grating size w x h 106 x 101 mm 68 x 68 mm 

Groves 2400 mm-1 1800 mm-1 

Slits Straight Straight 

Entry slit width 100 µm 100 µm 

Exit slit width 100 µm none 

Monochromator mirrors  Spherical Toroidal 

Detector Photomultiplier tube 
CCD camera Pixis-400B 

(1340*400 pixel, 20 µm, 16 bit) 

External Optics   

Focal length of the lens 220 mm 300 mm 

Lens (Quartz) Achromatic (N-BaK4/N-SF10) 

External Mirror 
Turning mirror, 

Step width 0.05° 
Repeatability <0.02° 

Two motorized mirrors 

 Figure IV.13 Figure IV.14 

Table IV-1 Two optical setups, a) With Monochromator Jobin-Yvon HR640, b) With Acton 
SP2756 
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IV.6.2. Optical setup with Acton SP2756 (with CCD ca mera) 

The first optical setup described above, had the inconvenience that the measurements 
were very slow and that temporal variations of the plasma had a big influence on the 
concentration measurement, because the two lines necessary for the concentration 
measurement could not be measured at the same time.  

The light of the plasma (blue cylinder in Figure IV.14) goes through the window of the 
reaction chamber. Two mirrors reflect the light towards a lens (Focal length 300 mm) which 
focalizes the image on the entrance slit of the monochromator Acton SP2756 (See Table 
IV-1). A vertical rectangular diaphragm of 2x10 mm was installed next to the lens in order to 
reduce the intensity. The height of 10 mm was chosen to minimize the impacts of slit 
diffraction (of the diaphragm) and spherical aberrations. 

The two mirrors are mounted on motorized linear stages so that the field of observation 
can be positioned in two directions. The lens is moved simultaneously so that the image of 
the plasma remains focalized. The variation of the magnification between 5.9 and 5.6 is 
taken into account during the data processing. 

The two mirrors turn the image by 90° so that the i ma ge of the vertical plasma is 
horizontal. The vertical entry slit of the monochromator measures thus a horizontal profile of 
the plasma. The vertical dimension of the CCD is used for the spatial resolution and the 
horizontal dimension of the CCD is used for the spectral resolution. Each horizontal line of 
the CCD camera measures the spectrum of a different point of the plasma. The vertical lines 
of the CCD can thus be Abel inverted to find the local emissivity at the respective 
wavelength. It is thus possible to measure the radial emissivity of an argon line and a 
hydrogen or oxygen line in one 2D spectrum. This reduces significantly the error due to 
variations of the temperature between two measurements when the two lines are not 
measured at the same time. 

Before the measurement the optical system is calibrated with a tungsten lamp for 
absolute intensity measurements. In order to use the full dynamic range of the camera, the 

 
Figure IV.13 First optical setup with Jobin-Yvon monochromator used for measurements 

on the small plasma torch (~2 kW) 

Monochromator 640 mmm 

Turning mirror 

Plasma lense 

PM 
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acquisition time is adapted between 0.05 s and 5 s after each measurement, so that the 
signal remains high without saturating the camera. The measurement and the real time data 
processing take from 2 to 7 seconds per spectrum depending on the acquisition time. It takes 
so about five minutes to measure a 2D concentration ratio map and a 2D temperature map 
with 90 horizontal lines. The monochromator and the CCD camera are controlled with 
LabView using the DLL of Winspec. The same LabView program controls also the motorized 
linear stages and can so do automatic measurements of 2D temperature and concentration 
ratio maps. 

IV.7. Error sources 

IV.7.1. The non uniformity of the entrance slit 

As the entrance slit is very thin, small irregularities on the blades of the slit have a big 
impact on the response. We measured the vertical response profile by measuring the light 
from a white computer screen. One motor was moving during the measurement so that the 
irregularities due to the pixels of the computer screen were reduced. Figure IV.15 shows the 
vertical response profiles for different slit widths. One can see that at a slit width of 20 µm the 
irregularities have a much bigger impact than at a slit width of 100 µm. We can deduce from 
the vertical transfer profiles that the size of the irregularities is about 20 µm. 

A larger slit width has thus the advantage that the irregularities have a smaller impact. At 
the same time it reduces the vertical resolution. At a slit width of 100 µm the vertical 
resolution of the plasma is 0.6 mm. We chose therefore a slit width of 100 µm to have high 
vertical resolution and a small impact of the irregularities on the entrance slit. The spectrum 
is divided by the vertical response profile in order to remove the irregularities. 

Another criterion that may define the slit width is the spectral resolution. A small slit width 
gives a higher spectral resolution so that two close lines can be separated. A large slit width 
gives a smaller spectral resolution but as the line is spread over more pixels it can be 
measured with a higher dynamic. 
 

 
Figure IV.14 Second optical setup with Acton imaging monochromator with CCD camera 

detector used for measurements on the big plasma torch (~40kW) 
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Plasma 
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with CCD 

Mirrors 

Vertical 
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IV.7.2. Flat field correction 

At small wavelengths (<500 nm) the response of the CCD camera is not homogenous. For 
the measurement of the flat field we illuminated the entry slit with a torch and measured a 2D 
spectrum at 415 nm. We divided each vertical line of the 2D spectrum by its mean value and 
then we divided each horizontal line by its mean value. We obtain thus the pattern that is 
shown in Figure IV.16. One can see larger and smaller responses compared to the mean 
response. This effect occurs at small wavelengths and must therefore be considered for the 
measurement of the hydrogen line at 410.2 nm, while it is negligible at 640 nm for the 
measurement of the oxygen line. This pattern is a default of the CCD caused by the thinning 
process at the CCD fabrication. The spread of the different responses is only about 3% and 
can therefore hardly be seen in the raw spectrum (see Figure IV.20) but the Abel inversion 
amplifies the error so that it has a big impact on the concentration measurement. There are 
also some spots which are caused by dust particles on the camera. As the different 
responses are a linear effect one can divide the measured raw spectrum with the flat field 
spectrum of Figure IV.16 to reduce the impact of the different responses. 

The influence of the flat field correction on the measurement 
In Figure IV.17 one can see the influence of the flat field correction on the measurement of a 
homogenous concentration profile of hydrogen. First the measured spectra were directly 
used to calculate the concentration ratio (see (a) in Figure IV.17). Then the same spectra 
were divided by the flat field of Figure IV.16 before the calculation of the concentration (see 
(b) in Figure IV.17). While in (a) some vertical lines appear they are not visible anymore in 
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Figure IV.15 Vertical response profile for different slit widths. 

 
Figure IV.16 Relative response of the CCD to uniform illumination at 415nm. 
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(b). The vertical lines in (a) are thus caused by the non-uniform response of the CCD and 
can be corrected by the flat field correction. 

IV.7.3. Straylight 

After the first measurements with the first setup stray light was identified as an error source. 
The stray light came from scratches and dirt on the mirror and on the lens and from the 
backside of the reaction chamber. In order to reduce the stray light the mirror and the lens 
were replaced by new ones and a black graphite felt was installed at the back side from the 
chamber. The graphite felt was treated with an oxy fuel torch in order to obtain a very low 
reflectivity. For this the oxy fuel torch was operated with an fuel rich mixture and the carbon 
black from the combustion was deposited on the graphite. Figure IV-18 shows two different 
temperature profiles. One of them was measured before the reduction of the stray light and 
the other was measured after the reduction of stray light. Before the reduction of stray light 
the measured intensity remains high at the edge of the plasma. After the reduction of the 
stray light the intensity goes very close to zero. Figure IV-19 shows the measured 
temperature profiles before and after the reduction of the stray light. Before the reduction of 
the stray light the measured temperature gradient decreases at the edge of the plasma. As 
the temperature around the plasma is much lower than 7500 K, it is clear that this decrease 
is not real but due to the stray light. After the stray light reduction the measured temperature 
gradient remains constant at the edge of the plasma. At a radius of 17 mm one can see a 
sharp transition between measured values that seem realistic and measured values that are 
strongly influenced by noise. The difference between the highest measured temperature and 
the lowest measured temperature could be increased from 1500 K to 3000 K. 

 

 
Figure IV.17 Concentration measurement H/Ar (a) without and (b) with flat field correction. 

in (b) the same raw spectra as in (a) were divided by the flat field of Figure IV.16 

(a) (b) 
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Figure IV-18 Intensity profile before and 

after stray light reduction 
 Figure IV-19 Temperature profile before 

and after stray light reduction 

IV.8. Data processing  
The monochromator, the CCD camera and the motorized linear stage are controlled by a 
homemade labview program. The same program calculated the concentration ratio and 
temperature profiles after each acquisition of a spectrum using the formula that have been 
described in chapter III. Here we describe briefly the data processing. 
Figure IV.20 shows the two dimensional raw spectrum as acquired by the CCD camera. This 
spectrum is used to measure the temperature profile and the concentration ratio [H]/[Ar]. The 
spectrum is flat field corrected in order to remove diagonal fringes caused by the CCD. In 
order to obtain the absolute intensity, the spectrum is divided by the measured spectrum of 
the calibration lamp and multiplied by the intensity of the calibration lamp. 
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The vertical dashed lines in Figure IV.20 indicate the regions, which are integrated into the 
wavelength direction in order to obtain the lateral intensity profiles of the hydrogen line, the 
argon line and the continuum next to each line. The integration between the two dashed lines 
gives the integration over the width of the line so that the total emissivity is obtained. The 
lateral profile of the hydrogen line and the argon line are shown in Figure IV.21a. The 
continuum is not yet subtracted. All four lateral profiles are smoothed using a polynomial fit of 
the order 2 and a length of 11 points in order to remove the shot noise which would be 
amplified by the Abel inversion (see chapter III). Then the profiles are cut in the centre into 
two half profiles, which are then Abel inverted in order to obtain the radial emissivity profile 
(Figure IV.21b). At the edge and in the centre the emissivity is very low so that the signal to 
noise ratio is small. At the edge the signal to noise ratio is too small when emissivity is below 
0.2% of the maximal emissivity so that these values are cut off. In the centre the noise is 
higher due to the Abel inversion. Here the limit where the values are cut off is chosen 
manually. The measurement is thus limited to the hot zone of the plasma where the 
emissivity is high. 
The emissivity profiles of the continuum are then subtracted from the emissivity profiles of 
the hydrogen line and the argon line respectively. The local emissivity is then used to 
calculate the temperature (Figure IV.21c) and the concentration ratio (Figure IV.21d).  
One can see in Figure IV.21c that at the edge of the plasma the noise on the temperature 
measurement is small down to 2500 K below the maximum temperature which corresponds 

 
Figure IV.20 Two dimensional spectrum used for the measurement of the concentration ratio 

[H]/[Ar] and the temperature. 
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to 0.2 % of the maximum emissivity, the limit for the cut-off. The noise on the temperature 
measurement and on the concentration measurement is small between the two cut-off limits. 
The measurement is done from the outlet to 90 mm further down every 1 mm. In the result 
we present the left and the right part of the plasma to show the symmetry of the plasma. The 
measurement for oxygen is equivalent with the corresponding lines. 

 
Figure IV.21 The profiles of the data processing (1 pixel correspond to 1 mm of the plasma) 

a) Lateral Profiles 
b) Abel inversion of Ar line (left and right) 

c) Temperature profile (left and right) 
d) Concentration ratio profile (left and right) 
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IV.9. Measurement of the FWHM of a line 

 
 

a) b) 

  

c) d) 

 
 

e) f) 

Figure IV-22 Data treatment for the measurement of the FWHM of the H-Delta line 
a) The spectrum after flat field correction 

b) The spectrum after the subtraction of the continuum 
c) The spectrum after polynomial smoothing 

d) The half spectrum 
e) The Abel inverted spectrum 

f) The Abel inverted spectrum divided by the maximum of each radius and cut at 0.5 
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Figure IV-22 shows the data treatment for the measurement of the FWHM of the H-Delta 
line. 

- In a) we can see the measured spectrum which has yet been flat field corrected. In 
a first step the emissivity of the continuum is removed. For this the emissivity of the 
continuum is measured next to the line and then subtracted from the spectrum. 

- b) shows the spectrum after the removal of the continuum. In a next step 
polynomial smoothing with the order 2 and a length of 11 data points is applied first 
in the wavelength direction and then in the lateral direction. 

- The smoothed spectrum is shown in c). 
- Then the spectrum is cut in the center. d) shows the half profile. 
- The two half profiles are then Abel inverted. e) shows the Abel inverted spectrum. 

One can clearly see that the little noise of spectrum d) is amplified. 
- Then the spectrum is divided by the maximum and cut at 0.5 as one can see in f). 

The width of the white space in the centre is the FWHM of the line. 
- g) shows the radial profile of the FWHM. We can see that at higher radii the FWHM 

is much smaller than in the center.  

IV.10.  Data processing for optical setup with photomultiplier 
tube 

The calculation of the temperature and the concentration ratio profile O/Ar using the 
measurements of the first optical setup with photomultiplier tube is very similar to the 
calculation using the measurements of the second optical setup with the CCD camera. The 
difference is that with the first optical setup only the spectral emissivity at the center 
wavelength of the line was measured and that this emissivity had to be multiplied with the 
constant ratio between the total emissivity and the emissivity at the center wavelength. With 
the local emissivity we can calculate the local temperature and the local concentration ratio 
O/Ar as described in Figure IV-23. 
For the hydrogen line the ratio between the total emissivity and the emissivity at the central 
wavelength depends on the temperature. Therefore we need to calculate the temperature 
first and can then use the simulated ratio (as described in chapter III) to calculate the total 
emissivity. With the total emissivity we can calculated the concentration ratio H/Ar in the 
same manner as the concentration ratio O/Ar using the data of the hydrogen multiplet 
instead. 
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Figure IV-23 Methodology: Calculation of temperature and relative concentrations. The 

formula are described in chapter III 

IV.11. Calibration of the optical setup 
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Figure IV.24 Tungsten 
ribbon secondary 
standard source with 
silica window Source: 
[TC99] 

 
For the calibration of the optical setup, we replaced the plasma torch by a calibration 

lamp. The tungsten lamp, which we used has a special silica window which is transparent for 
UV and IR (see Figure IV.24). The lamp was tested by the “Laboratoire National d’Essais”, 
which measured a temperature of 2330±4 K when the lamps was operated 14.30±0.10 A. 
We verified the temperature with a two-color pyrometer and obtained a similar precision on 
the temperature. The spectral radiance ][),( 112 −−− ××× srnmmWTI λ  of the tungsten ribbon is 
given by equation (IV-8). The error on the spectral radiance due to the temperature 
inaccuracy is about 4%. 
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De Vos [Vos54] measured the emissivity ),( Tλε  of a tungsten ribbon over a wide 
spectral range for different temperatures. Pon [PH84] fitted polynoms to the emissivity 
measured by De Vos. We used the polynoms from Pon to calculate the spectral radiance at 
2330 K. The calculated spectral radiance was then multiplied by 0.92 [BBS71] to take into 
account the reflection losses at the quartz window of the tungsten lamp. We estimate an 
accuracy of 10 % for the spectral radiance of the tungsten lamp. 

The image of the tungsten filament must be focused on the entry slit of the spectrometer. 
The measurements on the small torch were performed with a quartz lens that was not 
achromatic. Therefore the image of the lamp was not focused at all wavelengths which may 
induce an error on the calibration. 
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Figure IV.25  The transfer function of the Acton SP2756 with the 

1800 mm-1 grating 

Once the lamp was focused we measured the number of hits per second as a function of 
the wavelength. We divide the number of hits per second by the spectral radiance and find 
thus the transfer function of the optical setup. The transfer function varies with the 
wavelength as shown in Figure IV.25. The variation is on the one hand due to the variation of 
the sensitivity of the CCD camera and on the other hand due to the variation of the light 
collecting of the grating which turns when the wavelength is modified. Below 400 nm the 
absorption of the lens and the window of the reactor chamber becomes significant. The 
measured spectra (unit: e/s) needs to be divided by the transfer function to obtain the 
absolute intensity spectra (unit: srnmmW /// 2 ).  

At the wavelength of the OH-radical (310 nm) the spectral radiance of the lamp is very 
low and stray light in the monochromator becomes important. At this wavelength the 
calibration is therefore not accurate. 
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IV.12. Conclusion 
We have presented in this chapter the setup used for the spectroscopic measurements. 

We described the two plasma torches that were used and their RF generators. We measured 
the energy efficiency between the generator and the plasma. The energy efficiency is an 
important parameter for the CFD model. The flow controllers were presented and their 
precision was analyzed. We presented the two optical setups that were used. For the setup 
with CCD camera, the measured spectrum must be corrected for the non-uniformity of the 
entrance slit of the monochromator and for the non-uniformity of the response of the CCD 
capmera. We showed data processing that is used to calculate the radial temperature profile 
and the radial concentration ratio profile from a 2D spectrum of the CCD camera. We 
identified stray light as an error source and explained how the stray light could be reduced. 
We explained how we calibrated the optical setups with a calibration lamp. 
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V. Spectroscopic measurements 
This chapter presents the spectroscopic measurements that have been performed. The 

first measurements have the objective to validate the measurement method. The method is 
based on the assumptions of local thermal equilibrium and symmetry. We did thus several 
measurements to test the assumption of local thermal equilibrium. Then several temperature 
and concentration ratio measurements are compared to the results of a CFD model in order 
to test the latter. The comparison shows that the k-の-SST turbulence model gives better 
results than the k-i turbulence model that we applied before. At the end several 
measurements show the dependence of the torch temperature and concentration 
distributions on several parameters. 

Figure V-1 shows the superposition of an image of a typical plasma with the temperature 
and the concentration ratio measurement. The figure shows schematically how the 
spectroscopic measurement can make the invisible properties visible. Reflections from the 
opposite window that can be observed in the image do not perturb the spectroscopic 
measurements which were done with a black canvas behind the plasma. 

 

 
Figure V-1 Superposition of an image of the plasma with (a) temperature and (b) 

concentration ratio measurement 

V.1. Experiments for the validation of the method 
We do several measurements to validate the assumption of local thermal equilibrium. 

The first validation measurements were done with the first optical setup and the small torch 
(generator power 2 kW, see Chapter VI). These experiments could be done with the 
equipment that was yet available at the laboratory. The measurements with the first optical 
setup validate partly method and show the limits of this setup. Measurements with the new 
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optical setup that are presented later allowed examining more precisely error sources like 
fluctuations and discuss the assumption of local thermal equilibrium. 

V.1.1. Measurement of the concentration ratios [H]/ [Ar], [O]/[Ar] and 
[OH]/[Ar] 

We measured the concentration ratios [H]/[Ar], [O]/[Ar] and [OH]/[Ar] in the small torch. 
We injected water which permits the creation of the three measured reactive species without 
the risks related to the use of hydrogen gas. We used a nebulizer for the injection of water. 
However the nebulizer does not permit to control precisely the water flow because a part of 
the water droplets deposit in the nebulizer. The measured water flow rate is thus not precise 
enough to be compared to the measured concentration ratios. Figure V-2 shows the 
measured concentration ratio profiles. The flow rates and power are presented in the figures. 
The error bars indicate the difference between the concentrations calculated from the left half 
profile and that calculated from the right half profile. The marks are at the mean values. The 
small error bars show that the plasma is very symmetric and thus that the Abel inversion is 
accurate. The small error bars also show that there is little noise on the measurement. Near 
the centre of the plasma the noise is more important because the Abel inversion is less 
precise in the centre. 

 

 
Figure V-2 : Concentration ratio profile of hydrogen, oxygen and the OH-radical 

The profiles of the concentration ratios [O]/[Ar] and [H]/[Ar] are very flat for radii less than 
about 6 mm. This indicates that hydrogen and oxygen are well diluted. The measurements of 
oxygen and hydrogen are precise up to a radius of 8.5 mm. For higher radii the stray light is 
more intense than the intensity from the plasma. Sources of stray light are the mirror and the 
black canvas behind the plasma. 

The concentration of hydrogen is approximately twice as high as the concentration of 
oxygen (we injected H2O). It thus indicates that the line profile simulation of the hydrogen line 
is accurate and that the population of the excited states of the hydrogen line and the oxygen 
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line are in equilibrium with their respective ground state. A validation of the line profile 
simulation can be found in appendix B. 

The concentrations of oxygen and hydrogen increase at the edge of the plasma. This 
may be due to a physical effect that increases the concentration of oxygen and hydrogen at 
the edge of the plasma or due to an effect that perturbs the measurement. Physical effects 
may be the demixing in the high temperature gradient in the induction zone or dilution with 
ambient air that contains some water vapor. An effect that perturbs the measurement is the 
change of volume of the plasma. 

As the lines are not measured at the same time the volume of the plasma can change 
between the measurements of two lines. We observed this when we measured the profiles of 
an argon line twice. Due to the high emissivity gradient at the edge of the plasma a small 
increase of the width of the plasma can cause large errors at the edge of the plasma. When 
the plasma becomes wider between the measurement of the argon line and the oxygen line, 
the measured [O]/[Ar] ratio at the edge of the plasma is higher than the real [O]/[Ar] ratio. 
Therefore this optical setup can not measure accurately the [O]/[Ar] ratio and the [H]/[Ar] ratio 
at the edge of the plasma. An optical setup that measures simultaneously an oxygen (or 
hydrogen) line and an argon line is much less sensible to variation of the width of the plasma. 

The concentration of the OH-radical (Figure V-2) is very small at the centre of the 
plasma. This corresponds to chemical equilibrium at this temperature. At a radius of about 
5 mm the plasma temperature decreases and therefore the concentration of OH increases. 
Since the profile was not very symmetric, we have large error bars at a radius of 8 mm. The 
maximum in the plot is at 8.5 mm but this is very likely to be wrong because the temperature 
at larger radial positions is not well known and the concentrations are therefore calculated 
with an overestimated temperature. In reality the concentrations should be higher. Since we 
cannot measure the temperature below 5800 K, we cannot measure the concentration of the 
OH-radical at lower temperatures. 

At the radius 7 mm the measured [OH]/[Ar] ratio is 1.9x10-6. We compare this to the 
[OH]/[Ar] ratio at chemical equilibrium with the measured [O]/[Ar] (0.0085) and [H]/[Ar] ratio 
(0.019) and the measured temperature (6400 K). The chemical equilibrium was calculated 
with TTWinner [ttw]. At chemical equilibrium the [OH]/[Ar] ratio is 1.2x10-6. This indicates that 
the magnitude of the measurement of the OH radical is correct. 

Since the concentration of the OH-radical is very low at high temperatures it does not 
modify the composition of the plasma. For this reason we did not continue this measurement. 

V.1.2. Comparing the temperature measurements with two different 
Ar lines 

We measured the temperature with two different Ar lines (415.9 nm and 420.1 nm) in 
order to test whether the populations of their excited states are in equilibrium. The 
experimental parameters are the same as in the measurement of Figure V-2. 

Figure V-3 shows the measured temperature profiles. There is only a small difference 
between the two temperature profiles, which could be caused by variations of the 
temperature and by the uncertainty on the transition probabilities, which is about 25%. This 
uncertainty is also represented by the error bars. The result shows that the populations of the 
two lines are in equilibrium. 
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Figure V-3: Temperature profiles measured with two different argon lines 

The temperature measurement is accurate up to a radius of 8.5 mm. At a radius of 
8.5 mm the intensity of the lateral profile is only 1 % of the maximum intensity. At larger radii 
the intensity of stray light is higher than the intensity of the light coming from the plasma. The 
difference between the temperature calculated from the left half profile and the right half 
profile has been included into error bars. This error is small compared to the error due to the 
transition probabilities. 
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V.1.3. Measurement of the electron density 

In this chapter we want to measure the electron density in order to validate the 
assumption of local thermal equilibrium. In local thermal equilibrium the electron density 
depends only on the gas temperature and the gas composition. The comparison of the 
measured electron density and the electron density calculated with the measured 
temperature can thus validate the assumption of local thermal equilibrium. For the 
measurement of the electron density we compare the continuum intensity method and the 
Stark broadening of H-Delta and H-Beta. The methods are described in chapter III. The 
experimental parameters for the measurements that are used for the validation are 
presented in Table V-1. 

The electron densities are calculated with the Saha-equation using the temperature 
measured with the absolute line intensity method. Figure V-4 shows a temperature profile 
and the calculated electron densities. 

As the electron density increases exponentially with the temperature the radial profiles 
have not the same shape. A small relative variation of the temperature leads to a high 
relative variation of the electron density. The electron density varies between 1.0x1015 cm-3 
and 1.5x1016cm-3 in the observed temperature range (7600 K - 10000 K). 

 0302H 0302F 0828R 

Argon (outer flow) [Nm3/h] 6.0 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.3 0.3 0.0 

Argon (inner flow) [Nm3/h] 0.0 0.1 0.0 

Hydrogen (inner flow) [Nm3/h] 0.4 0.0 0.2 

Plate Voltage UDC [kV] 7.0 7.0 7.6 

Current IDC [A] 6.0 6.3 5.8 

DC Power UDC * IDC [kW] 41.8 43.8 44.0 

Distance to target [mm]  193 193 40 

Table V-1: Experimental parameters, electron density measurement 
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Figure V-4 a) Measured temperature map 

b) electron density map calculated with the Saha equation using the temperature from a) 
c) and d) Radial profile of temperature and electron density at z = 3 mm and z = 80 mm 

respectively, Parameters 0302F  

Figure V-5 shows the electron density measured with the Stark broadening of the H-
Delta line and the emissivity of the continuum. Both methods have been described in chapter 
III. The electron densities have been divided by the electron density calculated with the 
Saha-equation for argon. Differences between the two electron densities can thus be 
observed more easily. The ratio between the electron density measured with line broadening 
of the H-delta line and the electron density calculated with the Saha-equation and is between 
0.7 and 1.0 and rather constant over the whole measured range (Figure V-5 a)).  
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Figure V-5 Comparison between the electron density measured with the continuum and the 

electron density measured with the H-Delta line 
a) 2D map of the ratio between the electron density measured with the H-delta line and the 

electron density calculated with the Saha-equation 
b) 2D map of the ratio between the electron density measured with the continuum and the 

electron density calculated with the Saha-equation 
c) Radial profile of a) and b) at z=2 mm 

d) Radial profile of a) and b) at z=40 mm 
e) 2D map of the temperature 

f) Radial profiles of e) at z=2 mm and z=40 mm 
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The ratio between the electron density measured with the continuum emissivity and the 
electron density calculated with the Saha-equation is 1.5 in the low temperature region and 
up to 4 in the high temperature region. We can not explain this temperature dependant 
variation, especially as the method depends only little on the temperature. As the H-Delta 
line broadening gives good results we conclude that the method using the continuum 
emissivity is not adapted for the measurement of the electron density in these conditions. 

The electron density measured with the H-delta line broadening however fits very well 
with electron density calculated from Saha’s equation using the measured temperature. This 
shows that the electron density is in equilibrium with the population of the excited states. The 
good coincidence between the measured electron density and the calculated electron density 
is however not a good indicator for deviations from LTE as they occure in partial LTE (pLTE 
see Appendix A). A plasma in partial local thermal equilibrium can have underpopulation of a 
factor b=0.1 of the ground state which leads to a small difference of about 10 % between the 
calculated and the measured electron density. The result of the electron density 
measurement will be discussed in more detail later together with the concentration 
measurement. 

We want to compare the measurement of the electron density with the H-delta line to the 
measurement of the electron density with the H-beta line, which is more often used for the 
measurement of the electron density. Figure V-6 shows the electron density measured with 
the H-delta line and the electron density with the H-beta line. The results show that the two 
electron densities are nearly identical and thus validate the measurement of the electron 
density with the H-delta line. Small differences are probably due to a variation of the plasma 
between the two measurements. There no argon lines with similar intensity next to the H-
Beta line so that the electron density measurement with the H-Beta line can not be compared 
directly to the absolute line intensity method. 

 
Figure V-6 Comparison between the electron density measured with a) the H-Beta line and 

b) the H-Delta line 
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V.1.4. Validation of the concentration measurement 

In this experiment we inject a homogeneous Ar-O2 or Ar-H2 mix in the outer and 
intermediate flow so that we should obtain a uniform concentration ratio in the plasma. The 
plasma parameters are shown in Table V-2 
 

 
a) 

0214B 
b) 

0214G 
c) 

0214M 

Mixture (outer flow) [Nm3/h] 5.6 5.6 6.6 

Mixture (intermediate flow) [Nm3/h] 0.5 0.5 0.5 

Argon [Nm3/h] 6.0 6.0 6.0 

Hydrogen [Nm3/h] 0.12 0.0 0.0 

Oxygen [Nm3/h] 0.0 0.12 1.1 

[O2]/[Ar] or [H2]/[Ar] ratio 0.02 0.02 0.18 

Plate Voltage UDC [kV] 7.0 7.1 7.1 

Current IDC [A] 2.9 5.4 2.7 

Frequency [MHz] 3.110 3.158 3.111 

DC Power UDC * IDC [kW] 21 38 19 

Distance to target [mm] 193 193 193 

Table V-2: Experimental parameters, validation of the concentration measurement 

 

 
Figure V-7 : Measured maps of the concentration ratio [O]/[Ar] and [H]/[Ar] with injection of a 
homogenous mix of 0214B [H2]/[Ar]=0.02, 0214G [O2]/[Ar]=0.02 and 0214M [O2]/[Ar]=0.18 

Figure V-7 shows the measured concentration profiles for the injections of different 
homogenous Ar-H2 and Ar-O2 mixes. The different sizes of the plasma are mainly due to the 
different properties of the mixtures, which modify the coupling. This can be seen in the 
different values of the measured current IDC that are shown in Table V-2. The plate voltage 
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was maintained constant so that a lower current leads to a lower induced power. The 
coupling efficiency is studied in more detail in chapter VI. 

All three graphs in Figure V-7 show that the measured concentration ratio is almost 
homogenous and a little lower than the injected (atomic) ratio. The remaining small 
deviations are, on the one hand, a higher concentration of atomic species at the edge of the 
plasma in the upper part (0-20 mm from the outlet of the torch). On the other hand, a lower 
concentration is obtained in the lower part (30-90 mm from the outlet), especially at the edge 
of the hot zone. In the concentration ratio map a) in Figure V-7 the measured ratio in the 
lower zone from a distance of 40 mm to the lower end, is much lower than the injected 
concentration. 

V.2. Discussion of the deviations 
Figure V-8 shows the ratio between the electron density measured with the line 

broadening of the H-Delta line and the electron density calculated from the measured 
temperature using the Saha-equation. The same figure shows the ratio between the 
measured [H]/[Ar] ratio and the injected [H]/[Ar] ratio. One can clearly see that in at the edge 
in the lower part both graphs show a perturbation which is probably due to fluctuations of the 
plasma. At the upper edge the measured concentration is higher which is probably due to 
demixing. In the other zones the concentration is slightly lower than the injected 
concentration and the measured electron density is slightly lower than calculated electron 
density. This deviation may be due to an error of the calibration or due to the inaccuracy of 
the transition probability of the argon line. We will discuss each deviation in more detail 

 
 Figure V-8 Ratio between the electron density measured with the line broadening of the H-

Delta line and the electron density calculated with the Saha equation on the left. Ratio 
between the measured [H]/[Ar] ratio and the injected [H]/[Ar] ratio on the right. 
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V.2.1. Fluctuations at the lower edge of the plasma  

Fluctuations cause probably a difference between the measured electron density and the 
calculated electron density at the lower edge of the plasma. The absolute line intensity 
method measures a temperature that is below the maximum temperature when the plasma 
fluctuates. The line broadening measures an electron density that is close to the maximum 
electron density because the colder gas emits less light and has thus only little influence on 
the line width. The fluctuations cause therefore a higher ratio between the two electron 
densities as they can be seen in the measurement (Figure V-8). 

The ratio between the emissivity of two lines is also close to the ratio at the maximum 
temperature. When fluctuations perturb the measurement a lower measured temperature is 
used to calculate the concentration ratio. One obtains a lower concentration than the real 
concentration as it can be observed in the measurement of Figure V-8. We use the 
simulation of the emissivity of an oscillating temperature to analyze how the fluctuations 
perturb the concentration measurement. We simulate the emissivity of a sinusoidal oscillation 
of the temperature around a mean temperature of 8000 K. Figure V-9 shows the oscillating 
temperature with an amplitude of 1000 K and the normalized simulated emissivities of the Ar 
line (upper level: 14.53 eV) and the H line (upper level: 13.22 eV). We then used the mean 
emissivity of the two lines to calculate the temperature and the concentration ratio. This 
corresponds to the measured temperature and concentration ratio because we also measure 
a mean emissivity with the spectrometer. Figure V-10 shows the dependence of the 
measured concentration and the measured temperature on the amplitude of the oscillation. 
Without fluctuations (amplitude = 0) the measured temperature and concentration are equal 
to the real temperature and the real concentration. When the amplitude is 2000 K, the 
measured temperature is 1200 K above the mean temperature and the measured 
concentration is about 9% lower than the real concentration. 

For the measurement of the [O]/[Ar] ratio this effect is even stronger, because the energy 
difference between the upper level of the two lines is 2.3 eV and thus higher than for the 
[H]/[Ar] ratio (1.3 eV). The same oscillation would therefore lead to a measured oxygen 
concentration that is 15 % lower than the real concentration and can thus explain the lower 
concentration that we measured at the lower edge of b) in Figure V-7. However the plasma 
was much more stable with oxygen than with hydrogen so that the perturbations due to 
fluctuations are lower. 
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Figure V-9 Oscillating temperature and 
simulated emissivity of Ar and H vs time 

Mean temperature: 8000 K 
Amplitude: 1000 K 

 Figure V-10 Dependence of the measured 
concentration ratio [H]/[Ar] and the measured 

temperature on the amplitude of the 
temperature oscillation 

V.2.2. Calibration and transition probability 

An error on the calibration and an error on the transition probability of the argon line have 
the same impact on the temperature measurement. 

The error on the lamp was estimated to 10 %. The accuracy of the transition probabilities 
of the argon lines is 25 %. The accuracy on the upper level density is thus better than 35 %. 
This corresponds to an accuracy on the temperature of about 200 K at a temperature of 
9000 K. 

In the centre of the measurement presented in Figure V-8 fluctuations are negligible. In 
this zone the ratio between the electron densities is about 0.7. The temperature is about 
9500 K. The factor 0.7 corresponds to an error of 300 K on the temperature and is thus 
higher than the accuracy of the measurement. However the post-discharge zone is a 
recombining plasma so that the electron density should be rather higher than at thermal 
equilibrium. We can thus not explain the lower measured electron density. The real 
temperature is probably between the value measured with the absolute line intensity method 
and the value measured with the electron density. 

With the equation (V-1) we can calculate that the measured [H]/[Ar] ratio is 4 % lower 
than the real ratio, when the measured temperature is 200 K higher than the real 
temperature. Thus even a high error on the absolute calibration (here 35 %) gives only a 
small error on the measurement of the concentration ratio. 

A 25 % higher transition probability of the argon line would make the measured 
concentration ratio 25 % lower than the real ratio (equation (V-2)). The accuracy of the 
transition probability of the hydrogen lines is very high (< 0.3 %). 
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V.2.3. Demixing 

Demixing in the induction zone may be the reason for the higher measured concentration 
ratio at the upper edges. Demixing would not cause a measurement error but a real higher 
concentration ratio at the edge of the plasma. In the induction zone the temperature gradient 
is very high. Demixing due to mol fraction gradients of molecules and atoms may occur due 
to the dissociation reaction [Mur97]. We take as example an Ar-H2 mix. For equal diffusion 
coefficients of Ar, H and H2 the diffusion fluxes of Ar, H and H2 are equilibrated when the 
mass fraction of H below the dissociation temperature is equal to the mass fraction of H2 
above the dissociation temperature. For a higher diffusion coefficient of H the diffusion fluxes 
are equilibrated when the mass fraction of H in the hot zone is smaller than the mass fraction 
of H2 in the colder zone. 

Thus, the mass fraction of H can be lower inside the plasma than outside in the cold gas 
due to demixing in the high temperature gradient in the induction zone. In the post-discharge 
zone the temperature gradient is much smaller so that H can diffuse from the higher mass 
fraction at the edge to the centre. 

Figure V-11 shows the radial electro density (calculated from T) and the concentration 
ratio profiles of the measurements with a homogenous mix of a) [H2]/[Ar] and b) [O2]/[Ar]. 
Both the [H]/[Ar] ratio profile and the [O]/[Ar] ratio profile increase at the edge. The [H]/[Ar] 
ratio profile is flat up to a radius of 7 mm and the [O]/[Ar] ratio profile is flat up to a radius of 
12 mm. This is probably because the plasma with oxygen is larger and because hydrogen 
has a higher diffusion coefficient. 

 
Figure V-11 Radial temperature profiles and concentration ratio profiles at z=2mm and 

z=12mm below the outlet of the torch. 

V.2.4. Discussion of deviations due to pLTE 

The measurement method that we apply is based on LTE. In pLTE the electrons and 
excited species are not in equilibrium with the ground state (see Appendix A). The 
overpopulation factor of the ground state may be different for the different elements and 
therefore induce an error in the measurement. The strong temperature gradient at the edge 
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of the plasma just below the outlet may reduce the overpopulation factor due to the 
ambipolar diffusion of ions and electrons [Gri64]. In such a case we would expect variation of 
the measured concentration that is strongly correlated to the electron density gradient. In 
Figure V-11 we can not observe a strong correlation between the electron density gradient 
and the measured concentration ratio. The higher concentration ratio is thus rather due to 
demixing than due to an error induced by pLTE. A collisional radiative model [HH85] could be 
used to evaluate if the electron impact de-excitation of the excited states to the ground state 
is fast enough to attain equilibrium. 

Besides the ambipolar diffusion of electrons and ions the radiative cooling may also 
cause an underpopulation of the ground state (see Appendix A). Figure V-11 shows the 
temperature map and the concentration ratio [O]/[Ar] map of the measurement b) with a 
homogenous [O2]/[Ar] mix. The higher concentration ratio at the upper edge and the slightly 
lower concentration ratio at the lower edge can be attributed to demixing and fluctuations. 
The very uniform measured concentration ratio in the centre over a wide temperature range 
(8000 K – 9700 K) indicates that radiative cooling does not perturb the measurement. If 
radiative cooling would cause an underpopulation of the ground state we would expect a 
temperature dependence of this effect. Thus the measured concentration ratio should be 
different for different zones. We conclude that the underpopulation of the ground state is 
small and hence does thus not perturb the measurement. 

 
Figure V-12 Measured maps of the temperature (a) and the concentration ratio [O]/[Ar] (b). 

Parameters: b) [O2]/[Ar]=0.02 
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Deviations from symmetry may also induce errors on the measurement. In the 
measurements above we presented the left profile and the right profile. As the left and the 
right profile give the same results we can conclude that the plasma is very symmetric in the 
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plane of the measurement. We observed that in the plane that is perpendicular to the plane 
of the measurement, the plasma is also symmetric. We can thus assume that the deviations 
from symmetry do not induce significant errors. 

V.2.6. Conclusion 

The validation measurements have shown that the two basic assumptions for our 
measurement (LTE and symmetry) are correct. However the comparison of the measured 
electron density is 30% lower than the electron density calculated from the measured 
temperature. We can not explain this difference. The accuracy of the temperature 
measurement is about 300 K which is the difference between the temperature calculated 
from the electron density and the measured temperature. 

The measurements of homogenous Ar-O2 and Ar-H2 mixes have shown that the ground 
state population is also in equilibrium with the excited states populations. 

The absolute accuracy of the concentration ratio is about 25 %. Higher concentrations at 
the upper edge of the plasma indicate that demixing takes place in the induction zone. We 
can thus not test if a concentration ratio measurement with a higher precision is possible. 
The error on relative variations is much lower. However fluctuations may significantly perturb 
the measurement at the edge of the plasma. We can thus use the measurement method to 
validate the model and to do a parametric study. 

V.3. Validation of the CFD model 
One of the objectives of the spectroscopic study is to test and to improve a 

computational fluid dynamics (CFD) model developed in our research group. In this chapter 
we will describe how the comparison helped to improve the model. 

Figure V-13 shows the comparison between a measurement and the result of the model 
using k-i as turbulent closure. One can see that the temperature fits very well at the outlet of 
the torch but then the temperature of the model decreases rapidly. At a distance of 40 mm 
from the outlet of the torch the temperature of the model is below 7000 K while it is still above 
9000 K in the measurement. The difference can be explained by an overestimation of the 
turbulent diffusion in the model. An overestimation of the turbulent diffusion increases the 
diffusion of thermal energy and cools the plasma down. For this reason we chose to use the 
k-の-SST model for turbulence, which seems to be better suited for cases where the density 
varies a lot. The following chapter will show the comparison between the model and the 
experimental results for different parameters that are presented in Table V-3. For the 
comparison we show the radial temperature and concentration profiles of the two different 
models and the measurement at different distances from the outlet of the torch. 
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Figure V-13 Temperature map of the measured temperature (right) and the temperature of 

the model using k-i (left). Experimental conditions 1402_h 

 1402_h 1402 f 1402 m 0302 i 0828 h 

Argon (outer flow) [Nm3/h] 5.5 5.5 5.5 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.5 0.5 0.5 0.3 0.3 

Argon (inner flow) [Nm3/h] 0.0 0.0 0.0 0.0 0.0 

Hydrogen (inner flow) [Nm3/h] 0.0 0.0 0.0 1.0 0.4 

Oxygen (outer flow) [Nm3/h] 0.22 0.06 1.01 0.0 0.1 

Oxygen (intermediate flow) [Nm3/h] 0.02 0.01 0.09 0.0 0.0 

Total Oxygen / Argon 0.040 0.012 0.18 0.0 0.016 

Plate Voltage UDC [kV] 7.0 7.0 7.1 7.0 7.1 

Current IDC [A] 5.2 5.6 2.7 6.1 5.9 

DC Power UDC * IDC [kW] 37 40 19 42 42 

Coupled Power (model) [kW] 18.4 20.0 9.6 21.2 19.2 

Distance Outlet-Target [mm] 193 193 193 193 40 

Table V-3 Plasma parameters, comparison model and measurement 
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V.3.1. Comparison of the temperature 
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Figure V-14 Radial profiles of the 
measured temperature, the temperature 
simulated with the k-の-SST model and 

with the k-i model. 
Experimental parameters: 1402_f 

 Figure V-15 Map of the measured 
temperature (right) and the simulated 

temperature using k-の-SST (left). 
Experimental parameters: 1402_f 

Figure V-14 and Figure V-15 show the measured and the simulated temperatures of a 
plasma with a homogenous argon-oxygen mix. (parameters 1402_f of Table V-3). As for the 
measurement above, the temperature in the k-i model decreases too fast. The temperature 
of the k-の-SST model is very similar to the measurement at a distance of z=45 mm from the 
outlet but slightly lower at the outlet (z=0 mm) and slightly higher at z=90 mm. This difference 
shows that the heat diffusion in the model is weaker than in the measurement. This can be 
due to slight underestimation of the thermal diffusion in the model or due to a higher flow 
velocity in the model. 
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Figure V-16 Radial profiles of the measured 
temperature, the temperature simulated with 
the k-の-SST model and with the k-i model. 

Experimental parameters: 1402_m 

 Figure V-17 Map of the measured 
temperature (right) and the simulated 

temperature using k-の-SST (left). 
Experimental parameters: 1402_m 

Figure V-16 and Figure V-17 show the temperature of a plasma with a homogenous Ar-
O2 mix at low power (parameters 1402_m of Table V-3). The measurements show a plasma 
with a diameter that increases with the distance from the outlet and cools then very fast. 

The temperature of the k-i model is much colder. The plasma of the k-の-SST model is 
thinner than the measured plasma. The model did not converge well so that fluctuations 
remained strong. These fluctuations are of numerical nature because a steady state model 
was used. The simulated temperature profile is thus only the temperature of one instant of 
the numerical fluctuations. A plasma that has numerical fluctuations can hardly be compared 
to a real plasma. 

This “tulip” shaped plasma of the measurement may be due to the recirculation of the hot 
plasma gas due to its lower density (due to the buoyancy). If this is the case we can estimate 
the velocity using a kinetic energy balance. We calculate the velocity of a 9000 K hot gas jet 
that dives 2 cm into 500 K cold gas. The energy balance (V-3) is the balance between the 
kinetic energy at the outlet of the torch and the energy due to the buoyancy of the hot gas 
that has a lower density. We find thus a velocity of 2.7 m/s. This velocity is much slower than 
the velocity calculated by the model which was 40 m/s. It is thus unlikely that the buoyancy 
causes the short length of the plasma. 
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The low measured current indicates that the plasma is in the low coupling mode where 
the plasma is only below the injector. 

Another explanation for the short plasma is the transition to a turbulent flow. A turbulent 
flow has a diameter that increases and turbulences may rapidly cool the plasma. The swirl of 
the gas may play an important role for the transition to a turbulent flow. Nuntadusit et al. 
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[NWB12] observed that in water a jet with swirl becomes earlier turbulent than a jet without 
swirl. 
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Figure V-18 Radial profiles of the 
measured temperature, the temperature 
simulated with the k-の-SST model and 

with the k-i model. 
Experimental parameters: 0302_i 

 Figure V-19  Map of the measured 
temperature (right) and the simulated 

temperature using k-の-SST (left). 
Experimental parameters: 0302_i 

Figure V-18 and Figure V-19 show the measured and the simulated temperatures of a 
plasma with a large hydrogen flow rate in the inner flow (parameters 0302_i of Table V-3). 
The k-の-SST model describes again much better the measured plasma than the k-i model. 
The simulated temperature (k-の-SST) and the measured temperature are high at the edge 
and much colder in the centre. The plasma has the shape of a tube with colder gas in the 
centre. At the outlet the simulated temperature is slightly lower than the measured 
temperature. At 13 mm below the outlet, the measured temperature profile and the simulated 
temperature profile are nearly identical. 

Figure V-20 and Figure V-21show the measured and the simulated temperatures of a 
plasma with parameter similar to purification experiments with hydrogen in the inner flow and 
oxygen in the outer flow and a graphite target at 40 mm (parameters 0828_h of Table V-3). 
The simulated temperature (k-の-SST) and the measured temperature are similar to those of 
the measurement presented before. This time the measured temperature is significantly 
higher than simulate temperature, especially at the edge of the plasma. 
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Figure V-20 Radial profiles of the 
measured temperature, the temperature 
simulated with the k-の-SST model and 

with the k-i model. 
Experimental parameters: 0828_h 

 Figure V-21  Map of the measured 
temperature (right) and the simulated 

temperature using k-の-SST (left). 
Experimental parameters: 0828_h 

V.3.2. Comparison of the concentration ratios 
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Figure V-22 Radial profiles of the 
measured concentration ratio [H]/[Ar], the 
ratio simulated with the k-の-SST model 

and with the k-i model. 
Experimental parameters: 0302_i 

 Figure V-23 Map of the measured 
concentration ratio [H]/[Ar] (right) and the 

ratio simulated with the k-の-SST model (left). 
Experimental parameters: 0302_i 

Figure V-22 and Figure V-23 show the measured and the simulated concentration ratios 
[H]/[Ar] for the measurement with a large hydrogen flow in the inner flow (parameters 0302_i 
of Table V-3). Both in the measurement and in the model one can observe a concentration 
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gradient of H in the radial direction. The concentration ratio [H]/[Ar] increases in the flow 
direction. This is surely due to the diffusion of the hydrogen from the centre along the 
concentration gradient. 

At 13 mm below the outlet the measured concentration ratio profile and the simulated 
concentration profiles coincide very well. 

At 20 mm below the outlet the increase of the concentration ratio in the flow direction is 
stronger in the model than in the measurement. This may be attributed to the numerical 
fluctuations that have yet been observed in the simulation at low power (Figure V-17). 
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Figure V-24 Radial profiles of the 
measured concentration ratio [O]/[Ar], the 
ratio simulated with the k-の-SST model 

and with the k-i model. 
Experimental parameters: 1402_f 

 Figure V-25 Map of the measured 
concentration ratio [O]/[Ar] (right) and the 
ratio simulated with the k-の-SST model 

(left). 
Experimental parameters: 1402_f 

Figure V-24 and Figure V-25 show the measured and the simulated concentration ratio 
profile for the measurement with a homogenous argon oxygen mix (parameters 1402_f of 
Table V-3). In the model the concentration ratio is uniform and approximately equal to the 
injected ratio of 0.023. In the measurement the injected concentration was only 0.020. This 
explains partly why the measured concentration ratio is lower than the concentration ratio in 
the model. Demixing or the limited accuracy of the measurement can explain the remaining 
difference. The higher concentration at the edge below the outlet of the torch that we 
attributed to the demixing effect can not be observed in the model. This may be due to 
physical effects in the induction zone that are not taken into account in the model. 
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Figure V-26, Figure V-27, Figure V-28 and Figure V-29 show the measured and the 
simulated [H]/[Ar] and [O]/[Ar] ratios for parameters similar to purification experiments with 
hydrogen in the inner flow and oxygen in the outer flow and a graphite target at 40 mm 
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Figure V-26 Radial concentration ratio 
profiles [H]/[Ar] of the measured ratio, the 

k-の-SST  model and the k-i model.  
Experimental parameters: 0828_h 

 Figure V-27  Concentration ratio map [H]/[Ar] 
of the measured ratio(right) and the ratio of 

the model using k-の-SST (left). 
Experimental parameters: 0828_h 
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Figure V-28 Radial concentration ratio 
profiles [H]/[Ar] of the measured ratio, the 

k-の-SST  model and the k-i model.  
Experimental parameters: 0828_h 

 Figure V-29  Concentration ratio map [O]/[Ar] 
of the measured ratio(right) and the ratio of 

the model using k-の-SST (left). 
Experimental parameters: 0828_h 
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(parameters 0828_h of Table V-3). The simulated profiles are very close to the measured 
profiles. The strong increase of the [O]/[Ar] ratio and the [H]/[Ar] ratio next in the centre is 
probably caused by fluctuations. Otherwise the simulated concentration profiles are very 
close to the measured concentration profiles. This result shows that the model can well 
simulate the mixing of the gases and thus probably also the mass the mass transfer to the 
surface. 

V.3.3. Conclusion 

The model and the measurement agree very well for plasma parameters that are similar 
to the parameters that are used in the purification process. For parameters with the real 
plasma in the low coupling mode the simulated plasma fluctuates strongly. The same 
fluctuations are small for the parameters that are used during purification. This shows that 
the model can be well used to analyze the flux of the reactive species towards the silicon 
surface. The flux of reactive species depends strongly on the velocity of the plasma which 
has not been measured. However, the good coincidence of the measured and simulated 
temperature indicates that the velocity of the simulated plasma is close to the real velocity.  

For parametric studies to explore new geometries the numerical fluctuations may cause 
problems. As the model is steady-state the fluctuations are not physical. A transient model 
could be used to simulate the physical fluctuations. A transient model would thus better 
describe a real plasma where fluctuations can also be observed (see chapter VI). 
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V.4. Parametric study 
We perform several measurements in order to study the influence of the different 

parameters on the concentration and temperature distribution in the plasma. Two of the 
parametric measurements (V.4.5 and V.4.6) are compared to parametric purification 
experiments in chapter VII. 
V.4.1 Comparison of two different injection geometr ies 

The objective is to test whether one gets a more homogenous [O]/[Ar] concentration ratio 
profile when injecting oxygen in the inner flow or in the outer flow. The injection of oxygen 
into the intermediate flow could not be tested because it extinguished the plasma. 

 
V.4.2 The influence of the nature of the gas in the  inner flow 

The objective is to observe the effect of the nature of the gas in the inner flow on the 
temperature in the plasma and to observe the gas geometry effects on the mixing efficiency 
of O and H. 

 
V.4.3 The influence of the nature of the gas in the  outer flow 

Three different Ar-O2 mixes are injected in the outer flow while the intermediate flow and 
the inner flow are stopped so that the oxygen fraction is uniform in the whole torch. 

 
V.4.4 The influence of a graphite target  

The temperature and concentration profiles are measured once with the copper target at 
193 mm distance from the outlet and once with a graphite target at 38 mm distance. 

 
V.4.5 The influence of the power 

The temperature and concentration profiles are measured for different plasma powers. 
 

V.4.6 The influence of the oxygen and hydrogen flow  rate 
The temperature and concentration profiles are measured for different flow rates of 

oxygen in the outer flow and hydrogen in the inner flow. 
 

V.4.1. Comparison of two different injection geomet ries 

Figure V-30 shows the concentration ratio maps with the injection of oxygen in the inner 
flow (Figure V-30a) and with injection of oxygen in the outer flow (Figure V-30b). The argon 
inner flow is large so that the injection of oxygen in the inner flow does not modify the 
temperature. (parameters : Table V-4) 

One can see that when oxygen is injected in the outer flow it is very well mixed with the 
argon. Only in the upper part in the center the concentration is a little lower due to pure argon 
in the intermediate flow and the inner flow. When oxygen is injected into the inner flow, it is 
not yet mixed at the outlet of the torch. The concentration is high in the center and low at the 
edge. With the distance the gases get more and more mixed so that at 60 mm below the 
outlet of the torch the concentration is similar to the case where oxygen is injected in the 
outer flow. But still the concentration at the edge is lower than in the centre. This shows that 
it is better to inject oxygen in the outer flow in order to obtain a homogenous oxygen 
concentration in the plasma. 
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 a) b) 

Argon (outer flow) [Nm3/h] 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.3 0.3 

Argon (inner flow) [Nm3/h] 1.0 1.0 

Oxygen (outer flow) [Nm3/h] 0 0.3 

Oxygen (inner flow) [Nm3/h] 0.3 0 

Plate Voltage UDC [kV] 7.0 7.0 

Current IDC [A] 6.4 5.4 

Frequency [MHz] 3.135 3.130 

DC Power UDC * IDC [kW] 45 38 

[O]/[Ar] 0.08 0.08 

Table V-4 Plasma parameters, two different injection modes 
 

 
Figure V-30  Measured concentration ratio maps [O]/[Ar] for the injection of O2 in a) the inner 

flow and b) the outer flow. 
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V.4.2. The influence of the nature of the gas in th e inner flow 

 
Figure V-31 Measured temperature maps for a) Ar, b) O2 and c) H2 injected in the inner flow. 

Corresponding [O]/[Ar] and [H]/[Ar] measured concentration ratios are presented below. 
Concentration ratio and temperature profiles at the altitude z=5mm are detailed below 
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Table V-5 Plasma parameters, the influence of the nature of the gas on the temperature and 
the mixing 

Figure V-31 shows the temperature maps and the concentration ratio maps for the 
injection of three different gases (Ar, O2, H2) in the inner flow (parameters : Table V-5). One 
can see that the three different gases in the inner flow have different impacts on the 
temperature profiles. The plasma with oxygen is cooler than the plasma with argon only and 
the plasma with hydrogen is even cooler. This is due to the energy absorption of the 
dissociation of the molecular gases. In the concentration profiles one can see that hydrogen 
diffuses much better than oxygen. As hydrogen increases the thermal conductivity of the 
plasma, this can also explain why it cools the plasma even more down than oxygen. The 
molar enthalpy of hydrogen and oxygen is similar [Mek93] so that the temperature difference 
can only be explained by the higher thermal conductivity of hydrogen. When comparing the 
concentration ratio map [O]/[Ar] to the concentration ratio map [H]/[Ar], one can see that the 
contour lines of the [O]/[Ar] ratio diverge in the direction of the flow while the contour lines of 
[H]/[Ar] diverge in the upper part and converge in the lower part. This shows that the 
concentration of hydrogen in the centre decreases so that the concentration at a given 
distance also decreases. 

V.4.3. The influence of the nature of the gas in th e outer flow 

Figure V-32  shows the temperature profiles for the injection of three different Ar-O2 
mixes in the outer flow. The intermediate flow and the inner flow are stopped. When the 
oxygen concentration is increased, the coupling efficiency decreases (see chapter VI). We 
increased the voltage in order to maintain the DC power and thus the power coupled to the 
plasma constant. The temperature in the centre is very similar for all three measurements. 
As the temperature in the centre cools down similarly in the three measurements, the velocity 
is probably similar. 

The diameter of the plasma decreases with the oxygen fraction. At 9000 K a argon-
2.5% oxygen mix has a 5 % higher enthalpy than pure argon and a argon-9.4% oxygen mix 
has a 19% higher enthalpy [ttw]. As the plasma with the higher oxygen fraction has a smaller 
diameter the total enthalpy flow is probably similar. This should be the case as the power that 
is coupled into the plasma is approximately the same. 

 

 a) b) c) 

Argon (outer flow) [Nm3/h] 6.0 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.3 0.3 0.3 

Argon (inner flow) [Nm3/h] 0.4  0.0  0.0  

Oxygen (inner flow) [Nm3/h] 0.0  0.4  0.0  

Hydrogen (inner flow) [Nm3/h] 0.0  0.0  0.4  

Plate Voltage UDC [kV] 7.0 7.0 7.0 

Current IDC [A] 6.4 6.4 6.4 

Frequency [MHz] 3,133 3,133 3,133 
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Table V-6 Plasma parameters, the influence of an argon-oxygen mix in the outer flow on the 
temperature 

 

 

Figure V-32 : Temperature profiles for different Ar-O2 mixes injected in the outer flow 

 a) b) c) 

Argon (outer flow) [Nm3/h] 6.0 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.0 0.0 0.0 

Argon (inner flow) [Nm3/h] 0.0  0.0  0.0  

Oxygen (outer flow) [Nm3/h] 0.0  0.15  0.62  

Oxygen fraction 0% 2.5% 9.4% 

Plate Voltage UDC [kV] 6.0 6.4 6.7 

Current IDC [A] 5.2 5.0 4.8 

DC Power [kW] 32.6 32.3 32.5 

Distance GraphiteTarget [mm] 38 38 38 
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V.4.4. The influence of a graphite target  

Table V-7 Plasma parameters, the influence of a graphite target on the temperature and 
concentration profiles 

 

 
Figure V-33 : Photo of the plasma with target at a distance of (a) 193 mm and (b) 38 mm 

from the outlet of the torch 

Figure V-34 shows the measured temperature and concentration ratio profiles for two 
different distances of the target (parameters : Table V-7). In one measurement the target is 
at a distance of z=193 mm to the outlet of the torch and in the other measurement the target 
is at a distance of z=38 mm to the outlet of the torch. Between z=0 mm and z=20 mm the 
profiles are nearly identical. The concentration of oxygen is slightly higher in the 
measurement with the target in the upper position. We can not explain this difference. The 
temperature is slightly higher in the measurement with the target in the lower position 

 a) b) 

Argon (outer flow) [Nm3/h] 6.0 6.0 

Argon (intermediate flow) [Nm3/h] 0.3 0.3 

Argon (inner flow) [Nm3/h] 0.0  0.0  

Oxygen (outer flow) [Nm3/h] 0.1  0.1  

Hydrogen (inner flow) [Nm3/h] 0.4 0.4 

Plate Voltage UDC [kV] 7.2 7.1 

Current IDC [A] 6.1 5.9 

DC Power [kW] 43.9 41.7 

Distance Target [mm] 193 38 

Material of Target Cupper Graphite 

Target 

(b) 

(a) 
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because the DC power was 2.2 kW higher. Below z=20 mm the gas flow diverges in the 
measurement with the target in the upper position. 

Figure V-33 shows the photos of the plasma for two different distances of the target. On 
the photo with the target in the lower position one can see the reflection of the plasma in the 
window at the opposite side of the chamber. On the photo with the target in the upper 
position one can see a small arc at the surface of the target. This shows that an electric 
current flow between the target and the plasma. The distance between the luminous zone of 
the plasma in the photo and the target is about 2 mm. From the comparison to 
measurements we can estimate that the luminous zone is above approximately 6000 K. 

 
Figure V-34 : Temperature profiles and concentration ratio profile for two different distances 

of the target 
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V.4.5. The influence of the power 

Table V-8 Plasma parameters, the influence of the power on the temperature and 
concentration profiles 

Figure V-36 shows the temperature profiles and the concentration profiles for different 
plasma powers (parameters : Table V-8). The temperature decreases with decreasing power 
from 9000 K at 41 kW to 6000 K at 21 kW. At 21 kW the plasma is asymmetric and one side 
it is more intense, probably due to the current between the plasma and the target. This can 
be seen in the photo in Figure V-35. Therefore the measurement at 20 kW is not very 
accurate. The concentration profiles are very similar besides the perturbed measurement at 
20 kW. At 30 kW the measured concentration ratios [O]/[Ar] and [H]/[Ar] are slightly higher 
than at 41 kW. The slightly higher hydrogen concentration at 30 kW may be explained by a 
faster diffusion or a slower gas velocity.  The slightly higher oxygen concentration may be 
due to less demixing. At 30 kW the diameter of the plasma is slightly smaller and also the 
cold channel in the centre is smaller. We performed a parametric purification experiment with 
the same parameters. This experiment is presented in chapter VII. In the measurements 
here we can mainly observe a decrease of the gas temperature. We do not observe a 
significant change of the concentration distribution but the measurement at 21 kW is strongly 
perturbed so that we can not be sure that the concentration distribution is the same than at 
30 kW.   

 
Figure V-35 : Photo of the plasma at 21 kW 

 

 a) b) c) 

Argon (outer flow) [Nm3/h] 6.8 6.8 6.8 

Argon (intermediate flow) [Nm3/h] 0.35 0.35 0.35 

Argon (inner flow) [Nm3/h] 0.14 0.14  0.14  

Oxygen (outer flow) [Nm3/h] 0.07  0.07  0.07  

Hydrogen (inner flow) [Nm3/h] 0.27 0.27 0.27 

Plate Voltage UDC [kV] 7.0 6.2 5.4 

Current IDC [A] 5.9 4.9 3.8 

DC Power [kW] 41.4 30.5 20.7 

Distance GraphiteTarget [mm] 38 38 38 
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Figure V-36 : The temperature and concentration ratio profiles for different powers a) 41 kW, 

b) 30 kW and c) 21 kW 
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V.4.6. The influence of the oxygen and hydrogen flo w rate 

 
Figure V-37 : The temperature and concentration ratio profiles for different injected 
concentrations a) 0.4% O2, 1.6% H2,  b) 0.9% O2, 3.5% H2 and c) 1.4% O2, 5.0% H2 
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Table V-9 Plasma parameters, the influence of oxygen and hydrogen on the temperature and 
concentration profiles 

Figure V-36 shows the temperature profiles and the concentration profiles for the 
injection of different flow rates of oxygen in the outer flow and hydrogen in the inner flow 
(parameters : Table V-9). The hydrogen flow is about 4 times higher than the oxygen flow. 
The results show that the diameter of the plasma decreases and the diameter of the cold 
channel increase from a) to b). From b) to c) the diameter of the plasma decreases further 
while the diameter of the cold channel remains constant.  The temperature of the plasma 
decreases when the concentrations of oxygen and hydrogen are increased. The [O]/[Ar] ratio 
and the [H]/[Ar] ratio in the plasma increase linearly with the injected concentration. In all 
three measurements the [O]/[Ar] ratio is uniform while the [H]/[Ar] ratio is higher in the centre. 
Similar to the injected oxygen and hydrogen flow rates, the measured [H]/[Ar] ratio is about 
four times higher than the measured [O]/[Ar] ratio. 

The same parameters were used in a purification experiment that is presented in 
chapter VII. The spectroscopic measurement shows that the concentration distributions are 
approximately similar for the three measurements with a mean concentration that is 
proportional to the injected ratio. The variation of the concentration is thus the main 
difference that can modify the purification. The variation of the temperature and eventually 
the gas velocity may also modify the purification. 

V.5. Parametric study on the small torch 
In this study we measured the influence of different parameters on the temperature 

profile of the small torch. In this experiment the outer quartz tube was very long, so that 
ambient air cannot diffuse into the plasma. We measured the temperature profile 5 mm 
above the induction coil. We began the measurement with 8.5 l/min Ar in the outer flow, no 
flow in inner flow and intermediate flow and a voltage of 3500 V. 

 a b c d 
Outer flow [l/min] 8.5 8.5 6.6-13.1 8.5 
Intermediate flow [l/min] 0 0 0 0.0-0.88 
Inner flow [l/min] 0 0 0 0 
DC Voltage [V] 3050-4000 3500 3500 3500 
DC Current [A] 0.38-0.44 ~0.4 ~0.4 ~0.4 
DC Power [W] 1160-1770 ~1400 ~1400 ~1400 
Oxygen concentration 0.0% 0.0-0.5% 0.0% 0.0% 

Table V-10 Plasma parameters, parametric study on small torch 

 a) b) c) 

Argon (outer flow) [Nm3/h] 6.8 6.8 6.8 

Argon (intermediate flow) [Nm3/h] 0.35 0.35 0.35 

Argon (inner flow) [Nm3/h] 0.14 0.14  0.14  

Oxygen (outer flow) [Nm3/h] 0.03  0.07 0.11 

Hydrogen (inner flow) [Nm3/h] 0.12 0.27 0.39 

Oxygen fraction 0.4% 0.9% 1.4% 

Hydrogen fraction 1.6% 3.5% 5.0% 

Plate Voltage UDC [kV] 6.8 7.0 7.0 

Current IDC [A] 5.8 5.9 5.8 

DC Power [kW] 39.7 41.4 40.7 

Distance GraphiteTarget [mm] 38 38 38 
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Then we changed 
•  the voltage (V.5.1) 
•  the concentration of oxygen (V.5.2) 
•  the outer flow rate (V.5.3) 
•  the intermediate flow rate (V.5.4) 

The parameters are presented in Table V-10. The varied parameter is presented in the 
figures. Each time we measured the temperature profile so that we can see how it is 
influenced by the different parameters. The first measurement is in all diagrams. The reader 
can observe a small minimum at a radius of 1 mm in most of the plots which is due to a 
scratch on the quartz tube.  
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Figure V-38 Temperature profiles for 

different voltages V.5.1 
 Figure V-39 Temperature profiles for 

different concentrations of oxygen V.5.2 

V.5.1.  The voltage 

We observe in Figure V-38 that the voltage changes the width of the plasma. A higher 
voltage gives a larger width. The temperature in the centre changes very little. As the current 
increases with the voltage, the power (here U*I) increases faster than the voltage. 

V.5.2. The concentration of oxygen 

We observe in Figure V-39 that the concentration of oxygen has a large influence on the 
shape of the plasma. It changes the width and also the temperature in the centre. The higher 
the concentration of oxygen, the smaller is the width of the plasma and the higher is the 
temperature in the centre. This is due to an effect in the induction zone, where the absorption 
of energy from the electromagnetic field and the heat conduction are in equilibrium. This 
effect will be studied in more detail in chapter VI. 

V.5.3. The outer flow rate 

We observe in Figure V-40 that the outer flow cools the edge of the plasma. The higher 
the outer flow the smaller the width of the plasma. The temperature in the centre remains 
constant. 
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V.5.4. The intermediate flow rate 

We observe in Figure V-41 that the intermediate flow does not change the temperature 
profile. The temperature without intermediate flow was not taken at the same time than the 
others. Eventually the power was slightly higher in this measurement, making the 
temperature profile slightly different to the others. 
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Figure V-40 Temperature profiles for 

different outer flows V.5.3 
 Figure V-41 Temperature profiles for 

different intermediate flow rates V.5.4 

V.6. Conclusion 
The validation measurements showed that the assumption of local thermal equilibrium is 
valid and that it is thus possible to measure the temperature and the concentration ratios 
[O]/[Ar] and [H]/[Ar] with the emissivity of atomic lines of the three elements. The temperature 
measurement of the method has a precision of ±300 K. The accuracy of the concentration 
ratio is mainly limited by the accuracy of the transition probability to about 25 %. Fluctuations 
of the plasma perturb the concentration ratio and temperature measurement at the edge of 
the plasma. The measured concentration ratio profiles indicate that demixing takes place in 
the induction zone. For this reason it was not possible to test whether concentration 
measurements with higher precision was possible. 
We compared simulated and measured concentration ratio and temperature profiles. We 
found that the k-i turbulence model that we used so far give results that are far from the real 
plasma. The k-の-SST turbulence model gives better results that are very close to the 
measurements. As the simulated and the measured concentration and temperature 
distributions are similar we can assume that the model calculates also well the velocity. The 
parametric studies have shown that the plasma power has a significant influence on the 
plasma temperature. Hydrogen diffuses much better than oxygen and is well diluted in most 
cases. Oxygen diffuses only slowly to the exterior of the plasma when it is injected in the 
centre. In order to obtain a homogeneous concentration it is thus best to inject hydrogen in 
the inner flow and oxygen in the outer flow. 
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VI. Other measurements for the characterization of the 
plasma torch 

In this chapter we present other measurement methods that were tested for the 
characterization of the plasma. 

VI.1. The velocity measurement 
We examined the oscillations of the plasma of the big torch with a high speed camera 

and got the idea to use these variations of the intensity to measure the flow velocity. The 
method is similar to the method that M.P. Planche used to measure the flow velocity of a DC 
plasma spray torch [PCF98]. A literature overview of velocity measurements in ICP torches 
can be found in the paper of Cicerone [CF89]. The different techniques are based on the 
dynamic pressure or on the time of flight of different tracers. The techniques based on the 
dynamic pressure are limited to zones where the probe can resist to the heat transfer from 
the plasma. Cicerone uses a method which is based on the emission of calcium which is 
injected into a small ICP torch for chemical analysis. Rahmane et al [RSB95] measured gas 
velocities between 60 m/s and 80 m/s at a distance of 23 mm below the outlet of the 25 kW 
torch at 33 kPa. The numerical model of Pelletier [Pel06] indicate velocities of 40 m/s below 
the outlet of the torch for the same parameters as studied here. 

VI.1.1. Basic explanation 

 
Figure VI.1 : Explanation of flow velocity measurements using temperature fluctuations 

Our method is based on the time of flight of luminous fluctuations which are due thermal 
fluctuations. The hotter gas emits more light than the colder gas. When we measure the 
intensity at one point we can detect thus the thermal fluctuations (see Figure VI.1). These 
fluctuations move with the flow velocity. At a second point located further down in the flow we 
can measure the same fluctuations but they arrive delayed. This time shift is the time of flight 
from the first point to the second point. The signals of the intensity measurement at two 
points are thus time-staggered. The distance between the two points divided by the time shift 
gives us the flow velocity. One can calculate this time shift with the position of the maximum 
of the cross correlation of the two signal. 

VI.1.2. Sources of fluctuations 

We want to analyze the sources of the fluctuations that we use for the measurement 

Kelvin-Helmholtz instability 
In a shear layer between a high velocity zone and low velocity zone there is an instability of 
the Kelvin-Helmholtz type. This instability creates fluctuation. In some geometries these 
fluctuations are periodic. In this case the phenomenon is called vortex shedding. A famous 
example of vortex shedding is the Karman vortex street which is created by the flow over a 
body (Figure VI.2).  

Distance d 

Hotter and colder gases 1 

Signal 1 Signal 2 

Flow velocity v 

Timeshift dt=d/v 

2
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Figure VI.2 : Karman vortex street 

The frequency f (Hz) of these oscillations can be evaluated with the Strouhal number 

St, where D  (m) is the diameter and V  (m.s-1) is the velocity (Equation (VI-1)) 

V

fD
St=  (VI-1) 

We also observed vortex shedding in our plasma torch. In Figure VI.3 we show the 
frames of a video taken with a high speed camera. In order to highlight the oscillations we 
subtracted the (temporal) mean signal from each frame. Red zones have a higher signal and 
blue zones a lower signal than the mean signal. The fluctuations are probably due to the 
shear layer between the high velocity of the plasma jet and the static gas in the reaction 
chamber. An overview of fluctuations of free jets is given by Han et al. [HG03]. They report 
Strouhal numbers between 0.25 and 0.5.  

 
Figure VI.3 Vortex shedding of the plasma The (temporal) mean intensity has been 

subtracted from each frame. Shutter time: 59 µs Colors: green (0), red (stronger signal), blue 
(weaker signal) 

Power-Supply 
The power supply uses the electric current from the power grid. A rectifier converts the 

three phase alternating current to direct current. The rectifier lets pass always the highest 
voltage of the three phases and the three inversed phases as shown in Figure VI.4. 

The rectified current (red) has therefore a small 300 Hz oscillation. The amplitude of the 
oscillating LC-circuit which injects the power into the plasma is proportional to the voltage of 
the direct current. We expect therefore an oscillation with 300 Hz on the temperature and the 
intensity of the plasma. 

V 

D 
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Figure VI.4 : Output voltage waveform of a three-phase full-wave rectifier 

The spectrum of the fluctuations 
We take a 500 frames high speed video of the plasma at a frame rate of 1000 per 

second. Then we calculate the frequency spectrum with the Fast Fourier Transformation 
(FFT) of an arbitrary point of the video (Figure VI.5). The maximum frequency of the 
spectrum (the Nyquist frequency) is thus 500Hz and the resolution is 250 points. 
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Figure VI.5 : Frequency spectrum at an arbitrary point of the video 

We see in the frequency spectrum Figure VI.5 very narrow peaks at 50 Hz, 100 Hz and 
300 Hz. As the peaks are very narrow and their frequencies are exactly at multitudes of 
50 Hz we can assume that these fluctuations come from the power supply. The strong 50 Hz 
oscillation can be due to amplitude differences between the three phases. There is also a 
rather large peak at 110 Hz. This peak is probably due to vortex shedding. The vortex 
shedding that can be seen in Figure VI.3 has a period of about 5 ms (200 Hz). With a 
Strouhal number between 0.25 and 0.5 we thus obtain a velocity between 9 m/s and 35 m/s. 
These velocities are smaller than the velocities reported by Rahmane et al [RSB95]. This can 
be explained by the low density in the centre of the plasma. Therefore the slower flow with a 
higher density at the edge of the plasma may determine the frequency of the vortex 
shedding.  

T=1/50Hz 

T=1/300Hz 
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VI.1.3. Flow velocity measurement with a high speed  camera 

We take videos of 500 frames at a frame rate of 1 kHz and a shutter time of 10 µs. For 
the velocity calculation we take the signals of two points one above the other (white areas in 
Figure VI.6). In order to reduce the noise we took the sum of an area of 7*21 pixels. We can 
see in the Figure VI.6 some dark points which are due to dust particles on the CCD array of 
the camera. They have very little influence as they reduce only the absolute intensity which 
does not play a role in our measurement.  

We measure the distance between the two areas by counting the pixels and dividing by 
the number of pixels per cm. For the calibration of the number of pixels per cm we take a 
video of a line gauge. 
 

 
Figure VI.6 : Image of the plasma with representation of the two areas used for velocity 

measurement (mark a and b) 

The two signals of the two areas (a and b) are shown in Figure VI.7. The green signal is 
from the area b (downstream). The intensity here is lower because the plasma is cooler. We 
can see that the variations of the two signals are very similar. We cannot see the time shift 
between the two signals because it is too small. 
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Figure VI.7 : Two signals from high speed movies 
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In order to calculate the time shift we subtract from each signal its mean value and then 
calculate the cross correlation between the two signal which is shown in Figure VI.8. For this 
purpose we use the matlab function “xcorr”. 
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Figure VI.8 : The cross correlation of the two signals 

The maximum in the middle of the cross correlation (Figure VI.8) is where the two signals 
coincide. The position of the maximum gives us thus the time shift between the two signals. 
The other maxima and minima can be explained by quasi-periodic oscillation of our signals 
(Figure VI.7) coming mainly from the generator (50 Hz). While all oscillations contribute to 
the peak in the centre of the correlation the quasi-periodic wave also gives maxima when the 
two signals are in phase or minima when they have a phase shift of 180 degree. 

The temporal resolution of our signals is 1 kHz. The maximum of the correlation can 
therefore be calculated with a precision of 1 ms. We assume that the velocity of the plasma 
is 50 m/s so that the gases propagate about 5 cm in 1 ms. This distance is long compared to 
the size of the plasma. We need thus a higher precision on the measurement of the time of 
position of the maximum. We increase therefore artificially the resolution from 1 ms to 
0.02 ms by interpolating the peak in the centre with the function “interp” of matlab (Figure 
VI.9). (the function “interp” performs low-pass interpolation by inserting zeros into the original 
sequence and then applying a special low-pass filter. (Source www.mathworks.com)). We 
can do this because there is very little statistical error in the cross correlation. 
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Figure VI.9 : Interpolation of the central maximum of the cross correlation 
(Red squares=data points, blue line=interpolation, black diamond=maximum) 
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We then move the point a of Figure VI.6 upstream and the point b downstream so that 
the centre between the points does not move. And repeat the method to calculate the time 
shift. 

We calculate this way the time shift for 20 pairs of points with the same centre and plot it 
against the distance with the time shift on the x-axis (Figure VI.10) 
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Calculated Timeshift
Linear Regression: V=19.4m/s

 

Figure VI.10 : Distance versus time shift of different points v=19.4m/s 

The result is nearly linear, which shows us that there is little noise on the measurement. 
The interpolation method that we used to increase the precision does not create noise. We 
can now use linear regression to calculate the slope, which gives us directly the flow velocity. 

The method is limited by the fact that we can only measure the intensity of the light 
coming out of the plasma. This light is always an integral over regions with different flow 
velocities and different emissivities. Figure VI.11 a) shows the spectroscopic measurement of 
the typical radial emissivity profile of an Argon line. The emissivity profile just below the outlet 
of the torch has a dip in the centre. The emissivity profile 60 mm further downstream has a 
high emissivity in the centre and a strong emissivity gradient towards the edge of the plasma. 
For such an emissivity profiles with a high emissivity gradient the intensity of a light beam 
that comes out of the plasma is mainly the integrated emissivity from the point that is closest 
to the centre of the plasma (red points in Figure VI.11). The autocorrelation of the light 
intensity is thus similar to the autocorrelation of the emissivity at the red point and gives thus 
the velocity at the red point. 

For the emissivity profile with a dip just below the outlet the integration over regions with 
different flow velocities and similar emissivity does probably perturb the measurement at low 
radii. At higher radii the emissivity gradient is high so that the measurement method should 
work. 
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Figure VI.11 : a) Radial emissivity profiles of an argon line. 

b) Schema to show that for a high emissivity gradient the intensity of the light beam coming 
out of the plasma is mainly from the zone (red point) which is closest to the centre (dark blue 

= high intensity/emissivity) 

VI.1.4. Validation of the method 

For the validation of the method we took videos with different experimental parameters. 
The setup of the gases is somewhat complex (Figure VI.12). It was planned for the validation 
of the concentration of oxygen. We measured the flow rate of pure argon which is going to 
the injector flow (1). Then we measured the flow rate of argon (2) and oxygen (3) before 
mixing them. The mix goes to the outer flow and over another flow meter (4) to the 
intermediate flow. 

 
Figure VI.12: Schema of the gas flow measurement setup and chart of parameter variations 

Voltage U [kV] 7.5 
Current I [A] 3.3  
Pel [kW] 24.8 
Ar Inj (1) [l/min] 2.7 
Ar Outer+Interm (2) [l/min] 83 
O2 Outer+Interm (3) [l/min] 1.4  
Ar+O2 Interm (4) [l/min] 4.7  

Table VI-1: Experimental parameters “velocity measurements”, central point (1) 

As reference conditions we used the parameters shown in Table VI-1. From this central 
point ((1) in Figure VI.12), we changed the four main parameters: 

A)  the oxygen flow (2) and (3) 
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B) the outer flow (4) and (5) 
C) the injector flow (6) and (7) 
D) the power (8) and (9) 
The experimental conditions are detailed in Figure VI.13 and Figure VI.14. 
The current depends on the coupling coefficient between the plasma and the induction 

coil. The coupling coefficient changes a lot when the gas mixture and therefore the thermal 
conductivity changes. We varied the voltage in order to maintain the power constant.  

The resulting velocity fields are presented in Figure VI.13 and Figure VI.14. The 
measured velocity profiles are similar. The difference between the velocity maps can not be 
clearly attributed to a change of the parameters and seem to be random. This differences 
show that especially in the zone, where the measured velocity is high, the measurement is 
not exact. The errors may be due to the integration of light across the plasma. 
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Figure VI.13 : Flow velocity with changing oxygen flow (A) and changing outer flow (B) 
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3.3 A 3.3 A 3.4 A I 3.0 A 3.3 A 3.5 A 

   

 

   

 
Figure VI.14 : Flow velocity with changing injector flow (C) and changing power (D) 
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Figure VI.15 Comparison of 
simulated velocity map (a) and 

measured velocity map (b)  

In Figure VI.15 we compare the measured velocity map with the parameters of Table 
VI-1 to a simulated velocity map with the parameters that are presented in Table VI-2. In the 
simulation the power is nearly twice as high as in the measurement so that only a qualitative 
comparison is possible. 

Coupled Power [kW] 21.2 
Power [kW] 42.4 
H2 Inj [l/min] 17 
Ar Outer [l/min] 100 
Ar Interm [l/min] 5 

Table VI-2 Parameters of simulated velocity map 

The high velocity zone (60 m.s-1) that we measured below the outlet of the torch can not 
be seen in the simulated velocity profile. This also indicates that the measurement is not 
exact in this region. Further downstream, both the measurement and the model show a 
higher velocity in the centre and a lower velocity at the edge. The velocity in the model is 
higher. This may be due to the higher power in the model. 

The errors on the measurement are too high to use the method to validate the velocity of 
the model. The enthalpy probe technique [RSB95] is probably better adapted to measure the 
velocity and to validate the model. 
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VI.2. The coupling 
For the operation of an inductively coupled plasma torch a good coupling between the 

generator and the plasma is crucial. The objective of this chapter is to better understand the 
coupling between the inductor and the plasma. First we present an electric model for the 
coupling. Then we show that the coupling depends mainly on the size of the plasma. We 
analyze the gas properties that can modify the coupling and do measurements with different 
oxygen and hydrogen flows. We present measurements of the current and frequency for 
different operating conditions and use these measurements to validate the theory. 

VI.2.1. Introduction 

Commonly an air-cored transformer model is used to analyze macroscopic 
measurements of the induced power as shown in Figure VI.16 (a). The inductor 0L  is 

connected in parallel with the capacitor C  to the generator. The inductor 0L  forms the 

primary circuit of the transformer. The plasma forms a single coil secondary ( pRL ,1  

inductance and resistance of the plasma). Figure VI.16 (b) shows the equivalent circuit of 
Figure VI.16 (a). The equivalent inductance equL  and the equivalent resistance equR  can be 

calculated from 10 , LL  and pR . 

Fayoumi [FJ98] applied this model to obtain expressions that relate the macroscopic 
electrical properties equL  and equR  to the volume averaged microscopic plasma parameters, 

the electron density and the collision frequency of a cold plasma. He showed that in principle 
the measurement of equL  and equR  should allow to measure the microscopic parameters. 

   
Figure VI.16 Equivalent circuits for the transformer model 

GR  resistance of the generator, RFU  RF generator voltage ,C  capacitor, 0L  Inductor 

GI  generator current, LI  inductor current 

a) Transformer model: Inductor as primary and plasma as secondary 
( 0L  inductance of the inductor, pRL ,1 inductance and resistance of plasma) 

b) Equivalent circuit of a) equR  and equL  can be calculated from pRLL ,, 10  

c) Equivalent circuit of b) at the resonance frequency of CLR equequ ,,  
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Fayoumi studied an inductively coupled plasma at low pressure (cold plasma). In a 
thermal plasma the microscopic plasma parameters are not uniform anymore and the 
electron density is higher. The higher electron density screens the magnetic field so that 
rather the volume of the plasma than the absolute value of the electron density defines the 
electrical parameters equL  and equR . 

J. Meyer implemented during his internship a model that can simulate the macroscopic 
electrical parameters equL  and equR  for our setup. We used the program Ophelie [GL88] that 

was developed in our laboratory. The program Ophelie can solve the equation (VI-2) and 
(VI-3) in an axisymmetric geometry. The program thus calculates the electrical parameters 

equL  and equR  for the inductor. 

jB 0µ=×∇  (VI-2) 

0=∇ B  (VI-3) 
Figure VI.17 shows the geometry that we implemented in Ophelie. It takes into account the 
inductor, the segmented outer tube, the injector and a cylinder that represents the plasma. 
For the elements of the torch we used the conductivity of copper (5x107 S/m) and for the 
cylinder we used a conductivity of 6000 S/m (the conductivity of argon at 12500 K [ttw]). We 
calculated equL  and equR  for different external radii of the cylinder. 

 
Figure VI.17 The geometry implemented in Ophelie for the simulation of the 

electrical parameters equL  and equR  

Figure VI.19 shows the simulated electrical parameters equL  and equR  of the inductor. 

The values at radius 0 were simulated without the cylinder that represents the plasma. 
We tested if we can use the measured frequency to estimate the radius of the plasma. 

We assume that the generator oscillates at the resonance frequency of the tank circuit, which 
consists of the capacity and the inductor. The variation of the radius of the plasma, modifies 
the inductance of the inductor and thus the resonance frequency of the tank circuit. The 
resonance frequency of the tank circuit is given by equation (VI-4). 

2

21

2

1

equ

L

equ
r L

R

CL
f −=

π
 (VI-4) 

Outer tube 
5.107 S/m 

Injector 
5.107 S/m 

Inductor 
5.107 S/m 

Cylinder 
(plasma) 
6000 S/m 1 cm 
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We use equation (VI-4) to calculate the resonance frequency using the values equL  and 

equR  without the cylinder (r=0 mm) (Figure VI.19) and the capacitance of 2 nF (capacitor of 

the tank circuit). We find a frequency of 2.8 MHz. We should measure a lower frequency 
because the connection between the inductor and the capacitor adds an inductance and 
reduces thus the resonance frequency. However the measured frequency is higher 
(f=3.109 MHz). We can thus deduce that the inductance calculated by Ophelie without 
charge is probably too high. The relative variation of the calculated inductance between the 
case without charge and with a cylinder of a radius of 15 mm is 3.7%. The relative variation 
between frequency without plasma and the highest measured frequency is only 0.9%. This 
corresponds to a variation of the inductance of 1.8%. Thus, even the relative variation of the 
calculated inductance is higher than the relative variation of the measured inductance. 

The purpose of the simulation was to measure qualitatively the variation of the size of the 
plasma. As the calculated inductance and the measured inductance are very different we can 
measure only qualitatively variations of the size of the plasma. 
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Figure VI.18 Dependence of the 
coupling coefficient η  on the ratio δ/nr  

for different radii en rr /  [Mek93] 

nr  radius of the plasma 

er  radius of the inductor 

δ  skin depth 

 Figure VI.19 The simulated electrical 
parameters equL  and equR  in dependence of the 

radius. 

The coupling coefficient η , is defined as the ratio between the active power 0P  (W), that 

is absorbed by the plasma and the reactive power eP  (W) of the magnetic field (VI-5). 

equ

equ

Lequ

Lequ

e L

R

IL

IR

P

P

ωω
η ===

2

2
0  (VI-5) 

Without energy absorption %0=η  the whole power of the induced magnetic field in the 

inductor would flow back to the oscillating circuit. At a coupling coefficient of 100 % no power 
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would flow back to the oscillating circuit so that an oscillation would be impossible. However 
the coupling coefficient is typically much lower than %100=η . 

For a given setup the equivalent resistance equR  is approximately proportional to the 

coupling coefficient η , because the inductance and thus the frequency vary only little (see 

Figure VI.19). Mékidèche [Mek93] calculated the coupling coefficient for cylinders in 
dependence of their radius and their conductivities. The results are presented in Figure 
VI.18. The figure shows the coupling coefficient versus plasma radius divided by the skin 
depth for the cylinders with different radii. The figure shows the following relations: 

For a given radius the coupling is optimal when the skin depth δ  (m) is between 20% 
and 40% of the radius of the plasma. The skin depth is given by equation (VI-6). In induction 
heating the frequency is in generally adapted to the conductivity of the material in order to 
obtain an optimal skin depth of about one third of the radius. ( ) 5.0−= σµπδ f  (VI-6) 

σ  conductivity (S/m) 
µ  magnetic permeability (H/m) 

f  frequency (Hz) 

For a conductivity of 6000 S/m and a frequency of 3 MHz the skin depth is 3.8 mm 
For a radius that is four times larger than the skin depth the power that a cylinder 

absorbs is approximately proportional to its volume. The coupling coefficient is therefore 
approximately proportional to the square of the radius (see Figure VI.18, Figure VI.19). 

The electrical parameters equL  and equR  play an important role for the adaptation of the 

impedance. The impedance of the tank circuit, which consists of the capacity and the 
inductor, needs to be adapted to the impedance of the generator. The generator operates 
due to the feedback circuit at the resonance frequency. At the resonance frequency the tank 
circuit can be simplified by the resistive impedance given by equation (VI-7) (see circuit 
Figure VI.16 c). Only when the impedance of the tank circuit is adapted, the generator can be 
operated at its maximum current and maximum voltage and thus at its maximum power. 

CR

L
Z

equ

equ
equ =  (VI-7) 

When the impedance of the tank circuit is too big, the voltage attains the maximum 
voltage before the current. 

When the impedance of the tank circuit is too small, the current attains the maximum 
current before the voltage. 

When the impedance of the tank circuit is not adapted, the generator can thus not 
provide its maximum power. In order to obtain a higher impedance one can reduce the 
capacitance and vice versa one can increase the capacitance to reduce the impedance. In 
order to keep the resonance frequency constant it is possible to modify the inductance of the 
connection between the inductor and the capacitor (equation (VI-4)). 

However when adapting the impedance one has to take into account the impedance at 
ignition. During ignition the plasma is operated with pure argon and one needs a high voltage 
(For more details, see paper in Appendix C). The generator is typically operated with a 
voltage that is controlled by a proportional-integral-derivative controller (PID controller). 
When the current exceeds the maximum current the generator stops. When the plasma is 
ignited the impedance of the tank circuit decreases abruptly and thus the current increases 
abruptly. The impedance of the tank circuit must thus be chosen so that the current after 
ignition remains below the maximum generator current. Otherwise ignition would not be 
possible because the generator would stop. However during normal operation the injection of 
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other gases than argon can reduce the coupling coefficient and thus increase the 
impedance. For the operation of a plasma with an argon-oxygen mix for example a higher 
capacitance is necessary to obtain the same impedance of the tank circuit as with pure 
argon. The capacitance should thus be adapted for normal operation and eventually reduced 
if the current at ignition is too high. 

The coupling coefficient is important for the adaptation of the impedance and depends 
mainly on the volume of the plasma. Therefore, we examine the parameters that determine 
the volume of the plasma. Armstrong et al. [AR68] studied the energy balance in the 
induction zone. At an infinite small volume the power balance is equilibrated between the 
source of the inductive heating and the losses by radiation, diffusion and convection as 
shown in Figure VI.20. They obtained equation (VI-8) for the local power loss by diffusion 
and convection. This equation shows that the local power loss depends on the temperature 
gradient, the thermal conductivity K  and the heat capacity pCρ . The radius of the plasma is 

thus determined by the equilibration of the power losses and the power sources. 

))(2(2/ ambientp TTrvC
dr

dT
Krl

dr

d
drdP −+


 


−= πρπ  (VI-8) 

Molecular gases have a high heat capacity and a high thermal conductivity at the 
dissociation temperature (about 3000 K for hydrogen and oxygen) due to the dissociation 
reaction. The high thermal conductivity is due to diffusion of atoms to the colder zone, where 
they recombine and release energy and due to the diffusion of molecules to the hotter zone, 
where they dissociate and absorb energy. 

Figure VI.22 shows the dependency of the thermal conductivity of different gas mixtures 
on the temperature. We can see that at about 3000 K the thermal conductivity of an argon-
oxygen mixture is much higher than the conductivity of pure argon. At the same temperature 
the conductivity of the argon-hydrogen mixture is about five times higher than the 
conductivity of the argon-oxygen mixture. 

Figure VI.21 shows the specific enthalpy of different gases. The specific enthalpy of the 
molecular gases is much higher than that of the atomic gases, because the enthalpy of the 
dissociation reaction is high compared to the enthalpy of the translational energy. While the 
specific enthalpy of hydrogen is about 13 times higher than that of oxygen, the molar 
enthalpy and thus the volumetric enthalpy are similar for the two gases. The difference in the 
specific enthalpy is due to the higher molar mass of oxygen. The molar enthalpy of hydrogen 
and oxygen are similar because the energy of the H-H bond (4.519 eV) is similar to that of 
the O-O bond (5.161 eV). As the molar enthalpies of oxygen and hydrogen are similar, the 
molar (and volumetric) heat capacites are also similar. 

 

 
Figure VI.20 Local power balance in the induction zone 

Pind(ne,B) induced power (source) 
Prad(ne,T) radiated power (sink) 

Diffusion 

Radius of the discharge 

Diffusion 

Convection 
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Figure VI.21 Dependence of the specific enthalpy 
of different gases on the temperature [BFP94] 

 Figure VI.22 Dependence of thermal 
conductivity on temperature for 

argon and mixtures of 75% argon 
and 25% helium, nitrogen, oxygen 

and hydrogen by mole fraction 
[Mur96] 

On the following pages we present measurements to analyze the dependence of the 
coupling coefficient on different parameters. We show that, when the inner tube is in a lower 
position (see Figure VI.23), a hysteresis effect exists with two different coupling efficiencies 
at exact the same experimental parameters. 

We measure the direct current and the frequency of the generator. We assume that the 
RF current RFI  is proportional to the direct current and that the RF voltage RFU  is 

proportional to the plate voltage. The coupling coefficient is thus proportional to the ratio 
between the DC current and the plate voltage. The frequency indicates qualitatively the 
change of the volume of the plasma. 

 
Figure VI.23 Two different geometries that were studied. (a) injector in upper position, (b) 
injector in lower position. The distance to the outlet were 85 mm and 65 mm respectively 

10 mm 
(a) (b) 
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VI.2.2. Dependence of the coupling on the voltage 

While the gas flows were maintained constant, the voltage was reduced and then 
increased again. Figure VI.24 shows the dependence of the current and the frequency on the 
voltage for the two different geometries that are presented in Figure VI.23. When the injector 
is in the upper position (a), the current and the frequency increase linearly with the voltage. 
The increase of the frequency indicates an increase of the plasma volume. The current at 
7.0 kV is three times higher than the current at 3.5 kV. This is consistent with the higher 
coupling coefficient at a bigger volume. If the coupling coefficient would remain constant, the 
current should be proportional to the voltage and thus increase by a factor two. 

 

    
Figure VI.24 Dependence of current and frequency on the voltage,(a) injector in the upper 

position, (b) injector in the lower position, Ar outer flow 6.0 m3/h, Ar intermediate flow 
0.30 m3/h 

When the injector is in the lower position (b), the current and frequency show a 
hysteresis behaviour. There are two different coupling modes that we name high coupling 
mode (for the mode with a higher current) and low coupling mode (for the mode with a lower 
current). When the voltage is decreased we can observe a current drop at 4.0 kV. When the 
voltage is increased again the plasma remains in the low coupling mode so that at the same 
voltage the current is much lower than in the high coupling mode. At 5.8 kV the plasma 
jumps back to the high coupling mode which can be seen in a sharp rise of the current. The 
measurement was repeated three times and the two transitions occurred always at 4.0 kV 
and 5.8 kV. At 4.0 kV the frequency is equal for the two modes while it is lower for the low 
coupling mode at higher voltages. This shows that the volume of the plasma is smaller in the 
low coupling mode than in the high coupling mode. This explains partly why the low coupling 
mode has a lower current. At 4.0 kV the two modes have the same frequency. Here the 
difference could be due to different conductivities of the plasma that have the same 
inductance but a different resistance. The frequency and the current of the high coupling 
mode are identical to the frequency and the current in the setup with the injector in the upper 
position. This shows that the plasma is in the high coupling mode when the injector is in the 
upper position and that the coupling coefficient in the high coupling mode is not modified by 
the position of the injector. 
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Figure VI.25 The two coupling modes at the same voltage and gas flows in the small torch a) 

high coupling mode, b) low coupling mode 

The same hysteresis behaviour has also been observed in the small torch when a 
metallic injector with a diameter of 25 mm was placed so that it ends in the middle of the coil. 
Figure VI.25 shows pictures of the two modes in the small torch for the same experimental 
parameters. In the low coupling mode b) the plasma is only above the injector (post-injector 
zone) while in the high coupling mode a) the plasma is also around the injector. 

We suggest the following explanation for the hysteresis behaviour. When the plasma is 
in the high coupling mode, the plasma around the injector is maintained by the RF field. 
When the RF field is decreased the plasma around the injector becomes thinner and thinner 
until the thermal losses are bigger than the induced power so that it disappears and only the 
plasma in the post-injector zone remains. When the RF field is increased again more and 
more power is induced in this post-injector zone. As the height of the plasma is smaller than 
in the high coupling mode, less power is induced and the diameter of the plasma is therefore 
also smaller. The plasma can not propagate around the injector because its diameter is too 
small. Only when the induced power is high enough, so that the diameter of the plasma is 
wider than the diameter of the injector, the plasma can propagate around the injector. When 
the plasma propagates around the injector more power is induced so that the size increases 
rapidly until it is stabilized in the high coupling mode. 

VI.2.3. Dependence of the coupling on the intermedi ate oxygen and 
hydrogen flow rate 

The same mode transition that was observed when the voltage was changed can also be 
observed when the intermediate oxygen flow is increased. Figure VI.26 shows the 
dependence of current and frequency on the intermediate oxygen flow. At the beginning the 
intermediate oxygen flow is low and the plasma is in the high coupling mode. Then the 
intermediate oxygen flow is increased and the current and frequency decrease slowly. At a 
flow rate of 0.08 m3/h, the current and frequency decrease abruptly because the plasma 
jumps to the low coupling mode. After the mode transition the current and frequency are 
nearly constant. When the intermediate oxygen flow is decreased again the plasma remains 
in the low coupling mode until a flow rate of 0.01 m3/h where it jumps back to the high 
coupling mode. Due to a small delay between the measurements of the frequency, the 
current and the flow rate, the jump of the frequency and the current are not at the same flow 
rate in the measurement. 

25 mm 

a) 

Coil 

Injector 
 

b) 
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Figure VI.26 Dependence of current and frequency on the intermediate oxygen flow rate (Ar 

outer flow 6.0 m3/h, Ar intermediate flow 0.5 m3/h, DC Voltage 7.0 kV, injector in lower 
position) 

 

 
Figure VI.27 Turbulent mixing between outer flow and intermediate flow in the low coupling 

mode C,D and laminar flow in the high coupling mode A,B 

Figure VI.28 shows the measured concentration and temperature profiles of the four 
points A, B, C and D of the hysteresis of Figure VI.26. The points B and D are measured at 
the same flow rate and same plate voltage. B is in the high coupling mode and D is in the low 
coupling mode. The temperature profile shows that the plasma in the low coupling mode D is 
slightly thinner and shorter than in the high coupling mode B. The concentration ratio profiles 
O/Ar are very different. While the O/Ar ratio is uniform in the low coupling mode D it is not 
uniform in the high coupling mode B. Below the outlet of the torch, the measured O/Ar ratio 
profile is very asymmetric in case B. However the measurement is not reliable because the 
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Abel inversion gives false results for asymmetric profiles, but it shows clearly that the O/Ar 
profile is not symmetric. The temperature profiles of A and C are very similar to those of B 
and D respectively. The concentration ratio profiles O/Ar of A and C are also very similar to 
those of B and D respectively but with a different mean concentration corresponding to the 
different oxygen flow rate. 

 
Figure VI.28 Radial atomic oxygen concentration profiles and temperature profiles for the 

different oxygen flows and different coupling modes of Figure VI.26. 
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The different O/Ar ratio distribution between the low coupling mode and the high coupling 
mode indicates that in the low coupling mode a turbulent flow mixes the intermediate flow 
with the other flow (see Figure VI.27). In the high coupling mode the mixing is less important. 
This can be explained by the high viscosity of the hot gases that establish a laminar flow with 
little mixing. At the lower end of the measurement, the O/Ar ratio is therefore higher in the 
high coupling mode B than in the low coupling mode D. The asymmetry in the high coupling 
mode can be due to a small asymmetry of the intermediate tube or due to the asymmetry of 
the magnetic field. 

The triggering of the mode transition by the intermediate oxygen flow rate can be 
explained by the fact that the intermediate flow arrives directly on the plasma that surrounds 
the injector. The higher thermal conductivity and heat capacity of oxygen compared to argon, 
modifies the local power balance of Figure VI.20 and pushes thus the plasma towards the 
end of the injector. 

Figure VI.29 shows the mode transition for the variation of the intermediate hydrogen 
flow. The hydrogen flow rate necessary for the jump to the low coupling mode is 0.02 m3/h. 
The jump back to the high coupling mode has not been measured. 
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Figure VI.29 Dependence of current and frequency on the 
intermediate hydrogen flow rate (Ar outer flow 6.0 m3/h, Ar 

intermediate flow 0.3 m3/h, DC Voltage 7.0 kV, injector in lower 
position) 

VI.2.4. Dependence of the coupling on the outer oxy gen and 
hydrogen flow rate 

Figure VI.30 shows the dependence of the current and the frequency on the outer 
oxygen flow rate. When the oxygen flow rate is increased the current and the frequency 
decrease first rapidly and then more and more slowly. The plasma remains in the high 
coupling mode. The decrease of the frequency indicates a decrease of the volume of the 
plasma.  

Figure VI.31 shows the dependence of the current and the frequency on the outer 
hydrogen flow rate. The current and frequency decrease much faster than with the oxygen 
flow rate. At a hydrogen flow rate of 0.18 m3/h the current and frequency (5.0 A, 3.126 MHz) 
are similar to the current and frequency at a oxygen flow rate of 1.1 m3/h (five times higher 
concentration). At a hydrogen flow rate of 0.18 m3/h the plasma jumps to the low coupling 
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mode. When the hydrogen flow rate is decreased the plasma jumps back to the high 
coupling mode at a hydrogen flow rate of 0.05 m3/h. 
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Figure VI.30 Dependence of current and 
frequency on the outer oxygen flow rate (Ar 

outer flow 6.0 m3/h, Ar intermediate flow 
0.3 m3/h, DC Voltage 7.0 kV, injector in 

lower position) 

 Figure VI.31 Dependence of current and 
frequency on the outer hydrogen flow rate 

(Ar outer flow 6.0 m3/h, Ar intermediate flow 
0.3 m3/h, DC Voltage 7.0 kV, injector in 

lower position) 

VI.2.5. Dependence of the coupling on the inner hyd rogen flow rate 

Figure VI.32 shows the dependence of the frequency and the current on the inner 
hydrogen flow. The current and the frequency are approximately constant. 
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Figure VI.32 Dependence of current and frequency on the inner 
hydrogen flow rate (Ar outer flow 6.0 m3/h, Ar intermediate flow 

0.3 m3/h, DC Voltage 7.0 kV, injector in lower position) 
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VI.2.6. Discussion of the influence of hydrogen and  oxygen on the 
coupling 

Even though the measurement of the frequency does not give quantitative information 
about the size of the plasma it still indicates that mainly the change of the size modifies the 
coupling coefficient. 

The gases hydrogen and oxygen modify strongly the size of the plasma when they are 
mixed to the argon flow of the outer flow or intermediate flow. The biggest influence can be 
observed in the intermediate flow. This can be explained by the high thermal conductivity and 
the high heat capacity of the molecular gases. When they are injected into the intermediate 
flow or the outer flow, they modify the local energy balance (Figure VI.20). They reduce thus 
the volume of the plasma and reduce the coupling coefficient. 

The influence of the hydrogen and oxygen in the injector flow is negligible. This shows 
that the gases injected in the injector do not modify the composition in the zone where the 
magnetic field induces the power. The increased hydrogen or oxygen concentration in the 
post-discharge zone does not modify the coupling. The injector flow allows thus to operate a 
plasma with high hydrogen concentration without problems with the coupling. 

In the outer flow as well as in the intermediate flow hydrogen has a similar effect on the 
coupling as oxygen at an about five times lower flow rate (See Table VI-3). When hydrogen 
is injected in the intermediate flow the mode transition between high coupling mode and low 
coupling mode occurs at a five times lower flow rate than when oxygen is injected in the 
intermediate flow. The current and frequency at 0.18 m3/h hydrogen in the outer flow is 
similar to those at 1.1 m3/h oxygen in the outer flow. 

This indicates that mainly the thermal conductivity of the gas mixtures modifies the 
coupling and thus the local power balance in the coupling zone. The conductivity of pure 
hydrogen at 3000 K is eight times higher than that of oxygen (See Table VI-3). The 
conductivity at this temperature is mainly due to the dissociation and recombination of 
molecules and atoms. The factor eight shows only qualitatively the different conductivities of 
the two gases. For the modification of the coupling the conductivity from 300 K up to the 
temperature of the plasma are probably important. 

If the modified heat capacity of the gas mixture was the main reason for the modification 
of the coupling, hydrogen and oxygen would have the same impact, because their molar heat 
capacities are similar, and thus the same molar (or volume) flow rate should have the same 
effect. 

 Oxygen Hydrogen Ratio 
O2/H2 in intermediate flow: Mode transition 0.11 m3/h 0.02 m3/h 5.5 

O2/H2 in outer flow: Current = 5.0 A 1.1 m3/h 0.18 m3/h 6.1 
Conductivity at 3000 K [ttw] 0.87 W/m/K 6.78 W/m/K 8 

Table VI-3 Comparison of the flow rate of oxygen and hydrogen that have the same impact 
on the coupling coefficient 

VI.2.7. Conclusion on the coupling 

In this chapter we have seen that it is important to maintain the coupling coefficient high 
so that the impedance of the tank circuit remains adapted to the generator. Otherwise the 
generator can not provide its full power. We showed that the coupling coefficient depends 
mainly on the size of the plasma which depends in turn on the thermal conductivity of the 
gases. Gases with a high thermal conductivity like hydrogen should thus be injected in the 
injector, where they do not modify the coupling. In the outer flow they would reduce the 
coupling coefficient and thus increase the impedance. In the intermediate flow pure argon 
should be injected because oxygen and hydrogen would strongly reduce the coupling 
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coefficient. The injection of oxygen in the outer flow modifies the coupling but the variation 
remains small enough so that it should allow an operation at the maximum power of the 
generator. In the measurements we observed a low coupling mode. In the low coupling mode 
the impedance of the tank circuit is very high so that the generator can provide only a fraction 
of the maximum power. One should take care not to operate the plasma torch in conditions 
where such a mode transition can occur because the mode jump would strongly modify the 
plasma. 
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VII. Measurements of the purification rate 

VII.1. Introduction 
In chapter II we examined the literature, and found that surface reactions seems to be at 

chemical equilibrium and to control the ratio between boron and silicon extraction, their 
(common) rate being controlled by some diffusion process in the gas. Considering that the 
enrichment factor of the gas was always higher than the ones calculated at chemical 
equilibrium, we suggested that the formation of a silicon aerosol may play a role. 

In this chapter we confront this theory to the experiments that we did. In order to quantify 
the reaction products and the purification rate, we measured the relative concentration of 
boron and silicon in the exhaust gases. The boron concentration in the exhaust gases is 
proportional to the purification rate and to the boron concentration in the silicon. A long term 
purification (6h) was performed to validate the ICP signal by silicon samples that ware taken 
during the experiment. A second long term purification with doped electronic grade silicon 
evaluated the interaction between boron and other impurities in the silicon. We then 
performed several parametric measurements to evaluate the influence of different 
parameters on the purification rate. We measured the influence of the dissolved species by 
starting and stopping the oxygen and hydrogen flow. We examined under which conditions a 
silica layer gets formed with a cold gas jet with an argon-oxygen mix. 

 

 

Figure VII-1 Schema of the purification process 
Exhaust gas analysis by ICP and liquid sampling for concentration 

measurements of the silicon 

Liquid 
Sampling 

gas to ICP 
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VII.2. The setup for purification experiments 
In Figure VII-1 a schematic diagram of the setup in our laboratory is shown. The boron is 

transported to the surface (i) by electromagnetic stirring. At the surface it reacts with the 
reactive species (ii) which are supplied by the gas flow that is heated by an inductively 
coupled plasma torch (iii). The volatile reaction products are then evacuated by the gas flow 
(iv). 

VII.3. The crucible 
For our experiments we used different setups for the crucible. Their properties are shown 

in Table VII-1. All setups consist of an inductor with five loops around the crucible that heats 
the silicon on the one hand and stirs it on the other hand. The electromagnetic field pushes 
the silicon to the center of crucible where it flows upwards or downwards. The induced 
current heats the silicon by Joule heating. The frequency of the electromagnetic field was 
chosen so that the skin depth of the electromagnetic field in the silicon melt is about one 
quarter of the radius of the crucible, which is optimal for the stirring. Delannoy et al. [DAL02] 
studied the stirring in the setup that we used and showed that the stirring is efficient so that 
the boron concentration at the surface is very close to the boron concentration of the bulk.  

 

Figure VII-2 Image of the plasma purification process with crucible 3 
a) inductor, b) segmented cold crucible, c) silica plates for thermal 

insulation, d) graphite crucible, e) silicon, f) plasma 

 

a) 

f) 

b) 
c) d) e) 
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 Crucible 1 Crucible 2 Crucible 3 
Inner 

diameter 12 cm 17 cm 9 cm 

Height 12 cm 15 cm 11 cm 

Area 113 cm2 227 cm2 64 cm2 

Silicon mass ~3 kg ~8 kg ~2 kg 

Frequency ~9 kHz ~7 kHz ~9 kHz 

Material Cold crucible 
(copper) 

1.5 cm silica 
plates in 

cold crucible 

Graphite crucible in cold 
crucible with silica plates 

around 
Silicon 

Temperature 1410 °C Variable Variable 

 Plasma necessary 
for melting 

Plasma necessary 
for melting 

Melting without plasma 
possible 

Pollution of 
the silicon No Yes Yes 

Table VII-1 Properties of the different crucibles used in the purification experiments 

The outer container is a so called cold crucible. It consists of water cooled copper 
segments. As the crucible remains cold it does not pollute the silicon but evacuates a lot of 
heat. The cold crucible technology is typically used for the fusion of metals with high purity. 
The crucible is segmented so that it does not screen the electromagnetic field that is 
necessary for the heating and the stirring of the silicon. 

Crucible 1 (cold crucible):  When the crucible is used without thermal insulation inside, 
the silicon is maintained at its melting temperature. A thin solid silicon layer insulates the hot 
silicon melt from the cold crucible. The thickness of this solid silicon layer varies with the 
power induced in the silicon and maintains thus the silicon at its melting temperature. 

Crucible 2:  In this setup we added a 1.5 cm thick thermal insulation consisting of silica 
plates so that the temperature could be increased above the melting temperature of the 
silicon. However the silica plates may pollute the silicon and they dissolve oxygen in the 
silicon. 

Crucible 3:  In this setup (Figure VII-2) we added a graphite crucible into the cold 
crucible. The graphite crucible has the advantage that the silicon can be melted without the 
plasma. The graphite crucible may also pollute the silicon. 

VII.3.1. Melting 

For the melting of the silicon in the crucible 1 and 2 the plasma is necessary. The 
magnetic field can not couple to the solid silicon because it has a low conductivity and the 
grains are small. Magnetic fields couple efficiently when the skin depth is about a third of the 
radius of the object that is heated. In solid silicon the skin depths is large due to the low 
conductivity. In order to melt the silicon in the crucible the plasma blows the hot gases onto 
it. The hot gases melt some grains that form a small melt. This melt has a higher conductivity 
(and thus a smaller skin depth) and a bigger diameter than the grains. The magnetic field can 
thus couple to it and thus melt the remaining silicon grains. The graphite crucible has the 
advantage that the magnetic field can couple to the crucible and melt the silicon in it without 
plasma. An inconvenient of the graphite crucible is that it screens the magnetic field and 
reduces thus the stirring. However in the photo of Figure VII-1 we can see that the silicon 
surface has the shape of a dome. This comes from the magnetic pressure due to the strong 
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electromagnetic forces in the silicon. As the induction frequency is adapted for an optimal 
skin depth the high magnetic pressure indicates a strong stirring [DAL02]. 

During the melting we measure the frequency of the induction current of the crucible in 
order to follow the melting. The liquid silicon has a much higher conductivity than the solid 
silicon. The liquid silicon screens the electromagnetic field and reduces thus the inductance 
of the inductor. The inductor is connected in parallel with a capacitor to the power supply and 
forms thus an oscillating LC-circuit. The power supply adapts its frequency to the resonance 
frequency of this LC-circuit. A reduction of the inductance L leads to an increases of the 
resonance frequency of the LC-circuit (VII-1). As long as the frequency increases the silicon 
melts. When the increase of the frequency stops all silicon in the crucible has melted. 

LC
f

π2

1=  (VII-1) 

VII.3.2. Solidification 

The measurement of the frequency is very important for the solidification. When the melt 
solidifies too fast, some liquid silicon can be trapped in the solid silicon. As the silicon 
expands when it solidifies (similar to water) this can break the crucible. In order to avoid the 
trapping of liquid silicon we heat the top of the melt with plasma. We regulate then the power 
of the crucible so that the melt solidifies slowly from the bottom to the top. We use the 
measurement of the frequency to measure qualitatively the velocity of solidification. On the 
contrary to the melting the frequency decreases during solidification. Figure VII-3 shows the 
crucible power and the frequency vs time during the solidification. The power was adapted so 
that the frequency has a constant slope. After the solidification the frequency was generally 
500 Hz lower than before (for crucible 1 and 2). We regulate the power of the crucible so that 
the frequency has a constant slope of 500 Hz/h so that the solidification takes about one 
hour. When the directional solidification takes one hour, liquid silicon can not be trapped 
inside the solid silicon. 
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Figure VII-3 The power of the crucible and the frequency during solidification 
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VII.4. The analyzing of the exhaust gases 
In the plasma gas blowing purification process the boron is volatilized and then 

evacuated by the gases. By measuring the concentration of boron in the exhaust gases we 
can thus analyze the purification efficiency. The boron concentration in the exhaust gas is 
proportional to the total boron flow that is extracted from the silicon when the gas flows 
remain constant. By comparing the boron concentration for different operation parameters 
one can thus compare directly their efficiency, assuming that the boron concentration of the 
melt remains constant. When the plasma is operated for a long time with the same 
parameters the boron flow and thus the boron concentration in the exhaust gases decrease 
proportionally to the boron concentration in the silicon melt. Such a measurement can be 
used to measure the half-life of the boron concentration in the melt. 

The chemical analysis of solutions by ICP is a standard method which can measure 
quantitatively concentrations of most elements. The unknown solution is injected through a 
nebulizer into the plasma and the intensity of the atomic lines emitted by the plasma is 
measured with a spectrometer. Then a standard solution with known concentration is 
injected. From the known concentration and the ratio between the intensities one can obtain 
the concentration of the measured element in the unknown solution. We use the same ICP 
for the concentration measurement of the exhaust gases. 

The analysis of gases by ICP is a method that is often applied in literature [TD95], 
[SM97], [CPR03]. In general it is applied to analyze the flue gases of combustion processes 
such as waste incineration or thermal power plants. For absolute concentration 
measurements the method needs a calibration. However in our study we measure only 
relative variations. 

 
Figure VII-4 The analysis of the gases 

In our setup we inject the gases from the outlet of the reaction chamber with a peristaltic 
pump into the injector flow of the ICP (see Figure VII-4). As the temperature and the gas flow 
in the ICP are constant the intensity of the lines (equation (VII-2)) depends only on the 
concentration ][ X  of the injected elements. (see chapter III) 
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We measure the intensity of a boron line and the intensity of a silicon line and can thus 

measure the relative variations of the quantities of boron and silicon that are volatilized. For 
the measurement of the line intensity it is necessary to first measure the intensity at the 
maximum of the line and then measure the continuum, which needs to be subtracted from 
the intensity at the maximum. 

The ICP (Spectro analytical instrument) was equipped with two spectrometers that we 
name Sim (Simultaneous) and Seq (Sequential): 

VII.4.1. The spectrometer Sim 

The spectrometer Sim can measure several atomic lines simultaneously. It has several 
photomultipliers that are arranged so that each photomultiplier measures one line. For the 
wavelength calibration of this spectrometer one of the elements that can be detected by the 
photomultipliers needs to be injected into the plasma. We used the fume of the silicon to 
calibrate the spectrometer. During the automatic calibration procedure the spectrometer 
moves the entry slit to measure a line profile. An algorithm searches the maximum of the line 
profile and thus moves the entry slit to this position. When a measurement procedure is 
developed one has to measure a line profile. Then the position of the maximum of the peak 
and the position for the measurement of the continuum need to be defined. It is not sure 
whether the different photomultipliers have the same response so that the ratio between the 
signals of two different lines is proportional but not equal to the ratio of their intensities. 

VII.4.2. The spectrometer Seq 

The spectrometer Seq can measure the intensity at every wavelength in the bandwidth 
from 160 nm to 466 nm. It has several photomultipliers and several entry slits with optical 
fibers. The photomultipliers and entry slits are arranged so that each combination fiber-
photomultiplier covers a different part of the total bandwidth. The photomultipliers are moved 
by a step motor so that the intensity at every wavelength in the total bandwidth can be 
measured. A more detailed description of the instrument can be found in [Pel06]. The 
wavelength of this spectrometer is calibrated on an argon line so that no extra elements need 
to be injected into the plasma. Similar to the spectrometer above, a line profile needs to be 
measured and the position of the maximum of the peak and the position for the 
measurement of the continuum must be defined. The ratio between the signals of two lines 
with similar wavelengths is equal to the ratio of their intensities. It is thus possible to measure 
the concentration ratio [B]/[Si] in the gas. 

Element λ  uE  ug  ulA  Z (5000 K) Z (8000 K) 

B 249.772 nm 4.964 eV 2 1.68e8 s-1 6.01 6.04 
Si 251.611 nm 4.954 eV 5 1.68e8 s-1 9.95 10.34 

Table VII-2 The data of the boron line and silicon line used for the measurement 
of the exhaust gases [nis] 

With equation (VII-2) and the data from Table VII-2 we can calculate the dependence of 
intensity ratio B/Si of the two atomic lines in dependence of the concentration ratio [B]/[Si]. 
We assume that the temperature of the ICP is between 5000 K and 8000 K [CCM01]. We 
find that the concentration ratio [B]/[Si] is then between 1.46 (5000 K) and 1.61 (8000 K) 
higher than the intensity ratio B/Si of the measured atomic lines. By multiplying the intensity 
ratio by a factor 1.53±0.08 we can thus calculate the concentration ratio. 
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VII.4.3. The method used, B(Sim) - Si(Seq) 

For the parametric measurements we wanted to measure the relative dependence on the 
different parameters. For this it was more important to measure fast with little noise than to 
measure the absolute concentration ratio. For this reason we chose not to use the 
spectrometer Seq for the two lines. The applied method does therefore not allow to measure 
the enrichment factor. 

In order to measure the boron line without noise, a high signal and a long acquisition 
time is needed. As the photomultipliers of the spectrometer Sim were not well adjusted we 
chose not to measure the two lines with this spectrometer, but only one of the two lines. We 
measured the boron line at 249.772 nm with the spectrometer Sim because this 
spectrometer has higher response than the spectrometer Seq. We measured simultaneously 
the silicon line at 251.611 nm with the spectrometer Seq. 

We assume that the quantities of boron and silicon that arrive in the ICP are proportional 
to the quantities that are volatilized. When we change a parameter we can thus see directly if 
the purification efficiency gets better or worse. In order to compare different parameters we 
have to wait until the signal is stabilized.  

During the measurements deposits are formed in the tube that brings the exhaust gas to 
the ICP. These deposits absorb the reaction products that we measure and thus the signal 
decreases. Once the signal is stabilized we use a high argon flow as a purge gas to remove 
these deposits in the tube. During this time the ICP measurement is incorrect and after 
cleaning the ICP signals are a somewhat higher. We use the ICP signals after the cleaning 
for the comparison of different parameters. 

VII.5. Measurement of the enrichment factor 
We use the signal ratio B/Si = 1.6·10-3 (both lines measured by the Seq spectrometer) at the 
beginning of the experiment XXL33 done by Fourmond [Fou03] with the same experimental 
setup (see Figure VII-5). The parameters and results of this experiment are presented in 
Table VII-3. We calculate the concentration ratio [B]/[Si] with equation (VII-3). 

33 1013.045.21060.153.153.1
)]([

)]([ −− ×±=××=×=
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gSi
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The atomic concentration ratio in the silicon is 18·10-6 (18 ppma). The concentration ratio in 
the gas [B]/[Si] is thus 136 times higher than in the liquid. As introduced in chapter II, we call 
this factor the enrichment factor R  (VII-4). 
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Argon flow 80 l/min 
Oxygen flow 0.43 l/min 0.5% 

Hydrogen flow 4.1 l/min 5% 
Estimated silicon flux 0.73 mol/h 

Plasma power 34 kW 
Crucible power 82 kW 

Silicon temperature 1410 °C 
Silicon mass 9.3 kg 

Boron 18 ppma 
T0.5 150 min 

T0.5/m 16 min/kg 

Crucible diameter 200 mm 
Crucible Cold crucible 

Table VII-3 Parameters of the purification XXL33 of [Fou03] 
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Figure VII-5 Results of the purification experiment XXL33 of [Fou03] 

We can also estimate the enrichment factor with the half-life time T0.5 using the assumption 
that the flux of silicon is half of the oxygen flux (

22
5.0 OOSiOSi JJJJ ===  (mol/m2/s)). The 

derivatitive with respect to time of the boron concentration in the liquid silicon is proportional 
to the boron concentration (equation (VII-5), first order law). Due to mass conservation the 
derivative of the boron concentration is equal to the molar boron flow rate out of the silicon 
divided by the volume of the melt (equation (VII-5)). The molar flow rate of boron is 
proportional to the molar flow rate of silicon and the concentration ratio in the liquid (VII-6). 
The proportionality factor is the enrichment factor  R  multiplied with the [B(l)]/[Si(l)] ratio in 
the liquid silicon. We replace the product of the concentration and the volume by the mass 
divided by the molar mass, the silicon flux by the oxygen flux and the decay rate by the half-
life and obtain thus equation (VII-7). We rearrange equation (VII-7) so that we find the 
expression for the enrichment factor (VII-8). We use the assumption that about 70% of the 
injected oxygen react with the silicon to calculate the effective oxygen flux AJO2

. This 

oxidation efficiency comes from the simulation of a similar plasma gas flow [Let11] and 
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depends on the process design. Therefore, the molar oxidation rate of silicon is 
hmolAJSi /73.0= . For the calculation of R we use the values of Table VII-3. 
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)]([)],([ lSilB   Concentration of the Boron and Silicon in the liquid (mol/m3) 

K  Decay factor (s-1) 

BJ  Boron flux (mol/m2/s1) 

A  Surface area of the silicon (m2) 

AJO2
 Effective molar flux of oxygen (mol/s) 

V  Volume of the silicon load (m3) 

5.0T  Half-life time of the boron concentration (min) 

SiM  Molar mass of silicon (kg/mol1) 

m  Mass of the silicon load (kg) 
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R  Enrichment factor 

With this calculation we obtain an enrichment factor of 126 (VII-8). This value is very 
close to the measured enrichment factor of 136 and validates thus the measurement of the 
enrichment factor. The small difference may be explained by the inaccuracy of the oxidation 
efficiency of 70% ( an oxidation efficiency of 65% could explain the difference). 

 
Total flow 3 l/min 

Argon fraction 96.8% 
Water vapor fraction 3.2% 

Water vapor flux 0.23 mol/h 
Silicon temperature 1500 °C 

Silicon mass m 200 g 
Purification time 4.5 h 

k 1.2·10-6 m/s 
T0.5 235 min 

T0.5/m 470 min/kg 

Crucible surface A 32.2 cm2 
Table VII-4 Parameters and results of a purification of [NT12] 

We use the same formula to calculate the enrichment factor of the experiment at 96.8% 
Ar and 3.2% H2O of the experiment of Nordstrand et al [NT12]. The formed fume in the 
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experiment was completely white1. This indicates that only SiO2 was formed and no SiO. The 
maximum SiO2 flux that may have been produced is half of the water vapor flow. We can 
thus calculate the lower limit for the enrichment factor which would be exact if all water vapor 
reacts. 

We use equation (VII-9) with 3/56.2 cmgSi =ρ  to calculate the half-life time T0.5. Then 

we use equation (VII-10) with the data of Table VII-4 to calculate the enrichment factor. We 
obtain an enrichment factor of 11. This enrichment factor gives only the lower limit. It may be 
higher if only a part of the water vapour reacts. A measurement of the enrichment factor 
without plasma should be done to determine the enrichment factor more exactly.  
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Nakamura et al. [NBS04] measured an enrichment factor of 36exp =R  at 2.5 % H2O and 

97.5 % Ar and at a silicon temperature between 1600 °C and 1700 °C. 
 

VII.6. Comparison between the measured and the 
thermodynamic enrichment factors 

We compare the measured and estimated enrichment factors to the enrichment factors 
at chemical equilibrium. The chemical equilibrium calculations (see chapter II) show, that the 
enrichment factor depends significantly on the temperature and on the hydrogen fraction. 
The oxygen fraction does not modify the enrichment factor because the equilibrium between 
the most important gaseous species SiO and HBO does not depend on the oxygen fraction. 

We want to find the enrichment factor at chemical equilibrium at 1410 °C and 5 % 
hydrogen which are the parameters of [Fou03]. For this we use the enrichment factor 
calculated at 1600 °C and 5% hydrogen (0.88). We ex tr apolate to 1410 °C by using the 
temperature dependence of the HBO partial pressure (Multiplication by 1.9). Then we 
multiply by 8.8 to take into account the correction of the formation enthalpy of HBO (see 
chapter II). We obtain an enrichment factor of 15 at chemical equilibrium. We repeat the 
same extrapolation for the conditions of [NBS04] and [NT12] and present them in Table 
VII-5. 

 
H2O+H2 

Fraction 
Silicon 

Temperature 
Plasma expR  thermoR  thermoRR /exp  

[Fou03] 5 % 1410 °C X 136 15 9 
[NBS04] 2.5 % 1600-1700 °C X 36 5.5 7 
[NT12] 3.2 % 1500 °C  >11 6 >2 

Table VII-5 Comparison between measured and thermodynamic enrichment factors (* lower 
limit due to water vapour flow) 

The measured enrichment factors and those at chemical equilibrium are presented in 
Table VII-5. The two measured enrichment factor with plasma are significantly higher than 
the enrichment factor at chemical equilibrium. The lower limit for the enrichment factor 
measured without plasma is also higher than the enrichment factor at chemical equilibrium. 
This indicates that an effect modifies the enrichment of the gases. The relative dependence 

                                                
1 Personal communication from Dr Nordstrand 16.10.2012 
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of the purification rate on the temperature and the hydrogen concentration indicate that the 
surface is at chemical equilibrium. The effect that leads to a higher enrichment factor is thus 
probably a different evacuation of the reaction products. The slow diffusion of a SiO2 aerosol 
may explain the higher evacuation of the boron species. The smaller enrichment factor 
(compared to chemical equilibrium) in the experiment without plasma may be explained by 
recirculations that enrich the bulk gas with the reaction products. When the bulk gas has a 
high silicon and boron concentration the concentration gradient is small so that a higher 
enrichment factor due to the slow diffusion of a SiO2 aerosol is not possible. The small nozzle 
at high distance to the silicon surface is an evidence for this theory.  However it should be 
validated with a large nozzle that is close to the silicon surface. It would be interesting to 
study the influence of the diameter of the nozzle and the distance to the silicon surface on 
the enrichment factor. 

VII.7. Dependence of the Silicon loss on the enrichment 
factor 

When the target boron concentration is very low, the loss of silicon may become 
important. The loss of silicon depends only on the enrichment factor R  and the ratio between 
the initial and the final (target) boron concentration ettinitial lBlB arg)](/[)]([ . The equation 

(VII-12) has been obtained from the equation (VII-11) and the equation (VII-6). It does not 
take into account that the loss of silicon should increase slightly the boron concentration in 
the melt. Thus, for high losses the formula underestimates the losses. 

)exp()]([)]([ arg tKlBlB initialett ∆−=  (VII-11) 
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For the reduction of the boron concentration by a factor 20 the loss of silicon is only 3 % 
for an enrichment factor of 100 and it is 30 % for an enrichment factor of 10. 

VII.8. Long time purification experiments 

VII.8.1. Objectives 

The long time purification has two objectives. On the one hand it allows comparing the 
exponential decay of the boron signal of the ICP to the exponential decay of the boron 
concentration in the silicon melt. The similar decay validates thus the ICP signal. On the 
other hand we compare two different silicon types. We compare the purification of 
metallurgical silicon to the purification of doped electronic grade silicon. We can thus test 
whether the other impurities that are contained in the metallurgical silicon interact with the 
boron and thus modify the deboronization rate. 

VII.8.2. Method 

Two purifications were carried out during about six hours each. The first was done with 
metallurgical grade silicon (with 25 ppmw of boron) and the second with electronic grade 
silicon that was doped with 25 ppmw of boron. The difference between the two results show 
whether the impurities other than boron that are at a much higher concentration in the 
metallurgical grade silicon have an impact on the deboronization rate. To validate the ICP 
signal a small silicon sample (~5 g) was taken from the crucible every 30 min. The silicon 
samples were sent to a partner laboratory for the measurement of the boron concentration by 
ICP. During the purification the relative boron and silicon concentrations are measured in the 
exhaust gases of the purification installation. We used the spectrosopic method with two 
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spectrometers that is described above. The ICP signal can thus not be used to measure the 
absolute concentration ratio [B]/[Si] in the exhaust gases. 

Special care was taken to use the same parameters for the two purifications. Only the 
mass of silicon was slightly different. Table VII-6 shows the parameters used for the two 
purification experiments. 

Ar Outer flow 6.8 Nm3/h 

Ar Intermediate flow  0.39 Nm3/h 

Ar Inner flow 0.14 Nm3/h 

Hydrogen (Inner flow) 0.31 Nm3/h (4.2%) 

Oxygen (Outer flow) 0.06 Nm3/h (0.8%) 

DC Power  38 kW 

Frequency crucible 9 kHz 

Mass of the silicon melt 3.2 kg (met)  2.9kg (el) 

Purification time 6 h 

Crucible Crucible 1 

Distance crucible torch 40mm 
Table VII-6 The parameters of the two purifications 

VII.8.3. Data processing 

The boron signal measured by the ICP is proportional to the quantity of boron that leaves 
the reaction chamber, which is proportional to the boron concentration of the silicon melt. 
When the sample is taken the crucible is moved into a lower position and the line which goes 
to the ICP is cleaned with a strong argon flow. This has a large impacts on the boron signal 
and the silicon signal. As it has the same impact on the two signals the ratio between the two 
signal is much less perturbed. 

Keeping process parameters constant we assume that the quantity of silicon that leaves 
the reaction chamber is constant so that we can use the ratio between the boron signal and 
the silicon signal to measure the evolution of the boron concentration of the silicon load. A 
linear regression on the logarithm of the ratio was used to calculate the half-life. The ICP 
signals measured during the sample-taking were disturbed and therefore removed. The 
points that were removed are the grey points in Figure VII-6. On the concentration of the 
silicon samples a linear regression was used. The statistical error of the linear regression 
was used to calculate the error on the half-life. 

VII.8.4. Results 

Metallurgical grade silicon 
Figure VII-6 shows the signal ratio B/Si from the ICP and the concentration of the 

samples that were taken during the purification of the metallurgical grade silicon. We use 
logarithmic scaling for the y-axis to show that the concentration decreases exponentially. 
This can be seen by the fact that the signal ratio B/Si of the ICP and the boron concentration 
of the samples follow well a straight line. The linear regressions on the logarithm of the 
values give two half-lifes that are almost identical. This result shows that the ICP signal can 
be used to measure the half-life and that the signal of the ICP is a good indicator for the 
purification efficiency. 
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Figure VII-6 B/Si ratio of ICP the signal and the silicon samples during 

purification of metallurgical grade silicon 

 

Table VII-7 Concentration of the silicon samples (Purification of metallurgical grade silicon) 

The half life of the boron concentration in the silicon melt is 94 min. Dividing this value 
by the mass of the silicon (3.2 kg) we find T0.5/m = 29 min/kg. This is much slower than the 
12 s/kg obtained by Nakamura [NBS04] with a 300 kg silicon load and a 650 kW arc torch. 
The purification rate of Nakamura is higher because of the higher hydrogen concentration (as 
shown by thermodynamics at the interface) power and the higher gas flows. 

Doped electronic grade silicon 

Figure VII-7 shows the signal ratio from the ICP and the concentration of the samples 
that were taken during the purification of the doped electronic grade silicon. The half-life is 
with 89 min a little smaller than those of the metallurgical grade silicon, but this is mostly due 
to the smaller mass of the silicon load. The half-life divided by the mass (2.9 kg) is 
T0.5/m=31 min/kg and almost identical with that of the metallurgical grade silicon. The results 
show that the influence of the other impurities is negligible in the examined conditions.  

In this measurement the statistical errror on the measurement is very small (0.1 min for 
the ICP and 1 min for the samples, see Figure VII-7). The difference between the half-life 
calculated from the samples and that calculated from the ICP signal is bigger than the 
statistical error. This shows that there is a small systematic error in one of the two 
measurements. It is possible that the slow clogging with the SiO2 dust of the reaction 
chamber and the line which goes to the ICP causes a small systematic error on the ICP 
signal. However this error remains small so that it should not perturb the measurement. 

time 12:22 12:46 13:19 13:53 14:25 14:59 15:33 16:04 16:34 17:05 17:35 18:05 18:35 
ppmw 
(boron) 

24,6 17,6 14,6 11,8 9,6 7,1 5,8 4 4,1 2,5 2,1 1,9 1,6 
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Figure VII-7 B/Si ratio of ICP the signal and the silicon samples during purification 

of doped electronic grade silicon 

Table VII-8 Concentration of the samples (Purification of doped electronic grade silicon) 

Temps 10:46 11:29 11:58 12:29 12:59 13:29 14:00 14:28 14:59 15:29 15:59 16:29 
ppmw 
(bore) 24,3 17,5 13,6 11,1 8,6 6,7 5,1 4,1 3,3 2,5 2,2 1,8 
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Oxide layer 

 
Figure VII-8 Oxide layer observed after 3 h purification of the metallurgical grade silicon 

During the purification of the metallurgical grade silicon an oxide layer has been 
observed 3 h after the start of the purification and remained until the end. Figure VII-8 shows 
a photo of the purification with this oxide layer on the top. This layer has not been observed 
during the purification of electronic grade silicon. It is possible that impurities other than 
boron have caused this oxide layer but it may also be a random effect. The oxide layer was 
probably of silica and may have contained oxides of other impurities. If the oxide layer would 
have grown bigger it would have probably reduced the purification rate. 

VII.9. Parametric study 
The objective of this study is to find empirically the optimal parameters for purification. In 

a parametric study we examined the influence of the following parameters on the purification 
rate: 

•  the crucible power (VII.6.1) 
•  the plasma power (VII.6.2) 
•  the distance between torch and crucible (VII.6.3) 
•  the concentration of hydrogen separately (VII.6.4) 
•  the concentration of oxygen and hydrogen together (VII.6.5) 
•  abrupt variation of the O2 and H2 concentration (VII.6.6) 

For this we varied each parameter separately around the central parameters. The 
parameters and their range of variation are shown in Table VII-9. 

 

Oxide layer  
SiO2 or other 
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Paragraph VII.6.1 VII.6.2 VII.6.3 VII.6.4 VII.6.5 VII.6.6 
Outer flow Ar [Nm3/h] 6.8 6.8 6.8 6.8 6.8 6.8 
Intermediate flow Ar 

[Nm3/h] 
0.34 0.34 0.23 0.24 0.34 0.34 

Inner flow Ar [Nm3/h] 0.14 0.14 0.09 0.09 0.14 0.14 
Outer flow O2 [Nm3/h] 0.07 0.07 0.06 0.06 0.03-0.11 0.07 

O2 fraction 0.93% 0.93% 0.8% 0.8% 
0.38%-
1.42% 

0.93% 

Inner flow H2 [Nm3/h] 0.27 0.27 0.31 
0.05-
0.42 

0.12-0.39 0.27 

H2 fraction 3.7% 3.7% 4.3% 
0.7%-
5.8% 

1.8%-5.3% 3.7% 

Plasma power [kW] 35 20-45 32 32 35 35 
Crucible power [kW] 40-70 60 75 55 60 60 
Dist.Torch Crucible 

[mm] 
40 40 

32-80 40 40 
40 

Crucible 2 2 2 2 2 2 
Table VII-9 The parameters for the parametric study 

 
Figure VII-9 ICP Signal during parametric purification experiments. The dots are the raw 

data and the lines connect the points used for the comparison 

We used the ICP signal to evaluate the efficiency which should be proportional to the 
Boron signal as long as the gas flows remain constant. Figure VII-9 shows the ICP signal of 
one of the parametric purification experiments (here VII.6.5 as example). The numbers show 
the time where the parameters have been changed. After the modification of a parameter we 
waited until the ICP signal of boron was constant. With a large argon flow we purged the 
tube, which brings the exhaust gases to the ICP. The green vertical lines show the purging of 
the tube. The purging leads to a strong increase of both the boron and the silicon signal. 

In order to compare the signal for different parameter we use the ICP signal just after the 
purging of the tube. In Figure VII-9 these points are connected with lines. 
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VII.9.1. Influence of the power of the crucible 

We changed the power of the crucible between 40 kW and 70 kW and measured the ICP 
signal in order to test how the purification is influenced by the power of the crucible. 

 
Figure VII-10 The ICP signal of boron and silicon in the exhaust gases, the crucible power 

and the frequency vs time.  
The blue rectangles show the crucible power 

Figure VII-10 shows the ICP signal of boron and silicon, the power of the crucible and the 
induction frequency of the crucible. We can see that the reduction of the crucible power at 
12:25 causes a slow increase of the boron signal and thus increases the purification rate. 
Only three minutes later the boron signal decreases again. The increase of the silicon rate is 
probably due to a decrease of the silicon temperature. The reduced power also reduces 
stirring. A reduced stirring may reduce the purification rate which could be seen by a sharp 
decrease of the boron signal. This can not be observed in the measurement which thus 
shows that stirring at 40 kW is still very efficient.  

The decrease of the temperature leads to solidification of some silicon from 12:28 to 
12:31, which can be seen in the decrease of the induction frequency. At 12:31 the power is 
increased. And the increase of the frequency shows that the solidified silicon melts again. 

The reduction of the oxygen flux from the silica plates of the crucible due to solidified 
silicon may explain the decrease of the ICP signal of silicon and boron at 12:28.  

 
The results shows that stirring is very efficient and that the crucible power modifies the 

purification rate due to the modification of the silicon temperature. It shows that for constant 
plasma parameters the purification is faster when the silicon is colder. The optimal 
temperature would be just above the melting temperature. However at higher silicon 
temperature one can inject a higher oxygen concentration without forming a silica layer so 
that the reduced purification rate may be balanced. The formation of a silica layer will be 
presented further down in this chapter.  
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We studied in more detail the role of the temperature on the purification rate. For this we 
used a graphite crucible which was equipped with a thermocouple. We measured 
simultaneously the silicon temperature and the boron and silicon concentration in the 
exhaust gases. The parameters are shown in Table VII-10. Figure VII-11 shows the 
temperature and the relative variation of the B/Si ratio of the ICP signal vs time. The 
modification of the power is indicated in the same figure. An increase of the power leads to a 
strong increase of the temperature and vice versa. We use the data of Figure VII-11 and plot 
the B/Si ratio versus the temperature. Figure VII-12 shows the temperature dependence of 
the B/Si ratio together with the partial pressure of HBO. The partial pressure values of HBO 
ware taken from the chemical equilibrium calculation from [NT12] presented in chapter II. 
These values were calculated at a high hydrogen fraction but the temperature dependence of 
the HBO partial pressure at low hydrogen fractions should be the same. 

Between 1500 K and 1700 K both curves decrease similarly. This shows that the 
temperature dependence of the purification rate agrees with the chemical equilibrium. 

Plasma power [kW] 36 
Distance Torch Crucible [mm] 40 
Flow rate Ar [Nm3/h] 7 
O2 fraction 1.0 % 
H2 fraction 4.0 % 
Crucible power [kW] 18-30 
Crucible 3 

Table VII-10 Parameters for the measurement of the temperature dependence of the 
purification  

1500

1550

1600

1650

1700

1750

0 5 10 15 20 25 30 35 40 45 50 55 60

Time [min]

T
em

pe
ra

tu
re

 [°
C

]

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

B
/S

i r
at

io
 (

re
la

tiv
e)

Silicon temperature
B/Si ratio (relative)

22 kW 26 kW 18 kW

30 kW

 

 

0

0,2

0,4

0,6

0,8

1

1,2

1500 1550 1600 1650 1700

Temperature [°C]

B
/S

i r
at

io
 (

re
la

tiv
e)

0,0E+00

2,0E-07

4,0E-07

6,0E-07

8,0E-07

1,0E-06

1,2E-06

P
ar

tia
l p

re
ss

ur
e 

[a
tm

]
Measured B/Si ratio
(relative)
HBO partial pressure at
chemical equilibrium

Figure VII-11 The change of the relative 
B/Si ratio (ICP) and the temperature with 

time. The changing crucible power is 
indicated above the time axis 

 Figure VII-12 The dependence of the relative 
B/Si ratio of the ICP signal on the temperature 

and the HBO partial pressure at chemical 
equilibrium 

VII.9.2. Influence of the plasma power 

Figure VII-13 shows the raw data of the measurement of the ICP signal of boron and 
silicon for different plasma powers between 20 kW and 45 kW (DC power). We always 
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alternated between a point at high power and point at low power and waited until the signal 
stabilized. We can see in Figure VII-13 that when the plasma is operated at a high power 
(40 kW at 13:20 and 45 kW at 13:50) the boron signal decreases continuously. This is 
probably due to an increase of silicon temperature (as we observed in the measurement 
before). An increase of the temperature of the cooling water of the crucible confirms the slow 
variation of the silicon temperature. The purification rate at higher power may thus be higher 
if the silicon temperature was maintained constant. 

 
Figure VII-13 The dependence of the ICP signal of boron and silicon in the 

exhaust gases on the plasma power, raw data 
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Figure VII-14 The dependence of the ICP signal of boron and silicon in the 

exhaust gases on the plasma power. 

Figure VII-14 shows the signal after the gas purging. Between 25 kW and 45 kW the ICP 
signals of boron and silicon are constant. The purification remains thus also constant. 
However at 13:48 in Figure VII-13, when the power is increased from 25 kW to 45 kW, the 
boron signal increases by 25 %. This increase corresponds probably to an increase of the 
purification rate at a constant silicon temperature. This point is represented as B’ in Figure 
VII-14. 

The point at 20 kW however has a lower ICP signal for silicon and a significantly lower 
ICP signal for boron. We verified on the measured voltage and the measured current that the 
plasma is in the same coupling mode as at the other points (see chapter VI). The rather 
small difference on the silicon signal indicates that approximately the same amount of 
oxygen arrives at the surface. The extinction of the plasma right before the measurement of 
the point at 20 kW may have perturbed the measurement. However it seems that below a 
minimum power the purification rate decreases strongly. In order to consolidate this findings 
the measurement should be repeated with a cold crucible that maintains the silicon 
temperature constant and several repetitions of the same power.  

The measurements of the temperature and the oxygen and hydrogen distribution for the 
same parameter have been presented in chapter V. At 20 kW the measured temperature 
was much lower than at 30 kW. This may explain the lower purification rate at 20 kW. 
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VII.9.3. The influence of the distance between the crucible and the 
torch 
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Figure VII-15 The dependence of the purification rate on the distance between 

the torch and the crucible 

Figure VII-15 shows the dependence of the ICP signal of Boron and Silicon on the 
distance between the torch and the crucible. The point at 80 mm was measured with a higher 
plasma power. The difference between measured ICP signals is small. This shows that the 
influence of the distance is not significant in the observed range (30 mm - 80 mm).  

VII.9.4. Influence of the hydrogen concentration se parately 

In this experiment we tested the influence of the hydrogen concentration separately. 
Figure VII-16 shows the result of the experiment. The point at 6% hydrogen was measured 
twice. The ICP signal of silicon is similar for all points. This shows that the hydrogen fraction 
does not modify the oxidization of the silicon. But it modifies significantly the oxidization of 
boron as we can see in the variation of the ICP signal of boron. The dependence of the B/Si 
ratio on the hydrogen fraction follows approximately a square root function and agrees thus 
with the calculations of the chemical equilibrium. 
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Figure VII-16 The dependence of the ICP signal of boron and silicon in the exhaust 
gases on hydrogen fraction, (Oxygen fraction: 0.8 %) 

VII.9.5. Influence of the concentration of oxygen a nd hydrogen 
together 

We changed the flow rates of oxygen and hydrogen simultaneously with a constant 
H2/O2 ratio of about 4 between oxygen and hydrogen.  
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Figure VII-17 The dependence of the ICP signal of Silicon and Boron in the 

exhaust gases on the O2 and H2 fraction. The O2 fraction is approximately one 
quarter of the H2 fraction 

Figure VII-17 shows the dependence of the ICP signal on the concentration of hydrogen 
and oxygen (which is ¼ of the hydrogen concentration). The ICP signal of silicon increases 
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linearly with the oxygen concentration with a small offset at 0 % oxygen. The offset is 
probably due to the oxygen flux from the silica plates that insulates the silicon from the cold 
crucible. The linearity shows that the oxidation of silicon is proportional to the quantity of 
oxygen that is injected into the plasma which is probably in turn proportional to the quantity of 
oxygen that arrives at the surface. 

The more hydrogen and oxygen we inject the higher is the quantity of boron that is 
volatilized and hence the faster the purification of silicon proceeds. The point one at 3.7% 
hydrogen, which was measured twice, shows that we have a good repeatability. The two 
concentrations of silicon are similar while the signal of boron decreased because the silicon 
was purified in-between. The analysis of silicon samples showed that the boron 
concentration decreased by 19% between the two measurements. 

In chapter V we presented measurements of the distribution of the temperature, the 
hydrogen and the oxygen in the plasma for the same parameters as presented here. We 
observed that the higher concentration of the reactive gases reduced the temperature in the 
plasma. This may also induce a variation of the purification rate. 

VII.9.6. Measurement of the time response of the IC P signal to abrupt 
starting and stopping of the oxygen and hydrogen fl ow 

The objective of this measurement was to find indications for the role of the in the silicon 
melt dissolved species, which may have an important role as suggested by Degoulange 
[Deg08]. As the concentrations of the dissolved species do not attain equilibrium instantly 
when the concentrations of the plasma are modified, we may use the response of the ICP 
signal to an abrupt starting or stopping of the oxygen and hydrogen flow, to separate the 
deboronization rate due to dissolved species and the deboronization rate due to surface 
reactions. 
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Figure VII-18 The time dependency of the ICP signal of boron and silicon 
the injection of oxygen and hydrogen were started and stopped abruptly 

 

 
Figure VII-19 The time dependency of the B/Si ratio of the ICP signal 

the injection of oxygen and hydrogen were started and stopped abruptly 

Figure VII-18 shows the ICP signal of boron and silicon during the measurement. Figure 
VII-19 shows the B/Si ratio. The vertical lines show the time when the oxygen and the 
hydrogen flows where started and stopped. The measured ICP signals that were perturbed 
by the purge of the tube, that brings the exhaust gases to the ICP, were removed. 

During the measurement we observed that the shape of the plasma for the gas analyzing 
(ICP) was modified when hydrogen is started and stopped in the plasma for purification. This 
may explain why the silicon signal increases by a factor two when the hydrogen flow is 
started and decreases again by a factor two when the hydrogen flow is stopped. 
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Dissolved species 
The ICP signal of silicon and boron react rapidly to the stopping and starting of the 

hydrogen and oxygen gas flows. In less than a minute the signals attain the new value. The 
ICP signal of boron is significantly higher when oxygen and hydrogen are injected at the 
same time than when they are injected one after another. This indicates that the dissolved 
species do not play an important role for the purification process. 

However the role of dissolved hydrogen can be seen at 14:15 and 14:37 when oxygen is 
injected into the plasma after the hydrogen flow has been stopped. The boron signal 
decreases exponentially due the evaporation of dissolved hydrogen that evaporates slowly. 
The signal is higher at 14:37 than at 14:15 which is probably because the hydrogen flow was 
stopped just before and the hydrogen concentration in the silicon melt is thus higher at 14:37 
than at 14:15. 

The solulibility of hydrogen in silicon at 1800 K and 0.04 bar hydrogen is 1.4 l/kg [JLL11]. 
This high solulibility can explain the slow decrease of the boron signal after the stopping of 
the hydrogen flow. We use the exponential decrease from the higher signal to the offset at 
the lower signal to calculate the characteristic time due to the mass transfer in the silicon 
melt and find 3 min. Degoulange [Deg08] found a value of the same magnitude (7 min) for 
the evaporation of oxygen which has probably a smaller diffusion coefficient and a numerical 
model gave a value of 2 min [DAL02]. These results indicate  that the mass transfer in the 
melt should not be rate limiting as long as the half life time is much longer than 3 min. 

The dissolution of hydrogen in the silicon melt should not influence the process in normal 
conditions as the concentration of hydrogen saturates and thus the flow from the gas into the 
silicon is equal to the flow from the silicon to the gas. 

Oxygen from the silica plates of the crucible can diffuse into the silicon so that the silicon 
is also oxidized when no oxygen is injected into the plasma. The vaporization of silicon is 
negligible due to the low vapor pressure. (0.1 Pa at 1700 K [Des86]). The silicon signal at 
13:43 and at 14:10 in Figure VII-18 is thus due to the oxidation of silicon. The solubility of 
oxygen is about 4 ppm or 0.02 l/kg [NMM94] at 1700 K and increases with the temperature. 
The plasma was ignited at 13:42 and the temperature of the cooling water of the crucible 
show an increase of the temperature between 13:42 and 14:00. As the solubility of oxygen 
increases with the temperature, the evaporation rate of SiO increases also. The oxygen 
concentration in the silicon melt is probably saturated. 

Chemical equilibrium 
In chemical equilibrium the ratio between the partial pressure of HBO and the partial 

pressure of BO is 16/ =BOHBO pp  at 4 % hydrogen at 1600 °C (old data, see chapter II ). The 

partial pressure of the gaseous boron species is thus 16 times higher when 4 % hydrogen is 
in the gas, than when no hydrogen is in the gas. The partial pressure of BO is independent of 
the hydrogen concentration and the partial pressure of HBO is zero when no hydrogen is 
injected. The partial pressure of other gaseous boron species is much smaller. In the 
experimental results we can see a similar increase of the B/Si ratio of the ICP signal when 
hydrogen is injected (see Figure VII-19). At 13:58 the B/Si ratio increases by a factor 19 and 
at 14:49 the B/Si ratio increases by a factor 15. These factors agree with the ratio predicted 
by the chemical equilibrium calculations as shown in Table VII-11. For this comparison we 
used the old data for the formation enthalpy of HBO because when using the new data one 
needs also to modify the formation enthalpy of the other boron species. 
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chemical equilibrium O2 H2 16/ =BOHBO pp  

Measurement at 13:58 0% 0% � 3.7%  19 
Measurement at 14:49 1% 0% � 3.7%  15 

Table VII-11 Variation of the B/Si ratio when H2 is injected 

Evacuation of SiO vs SiO2 
Figure VII-20 shows a detail of Figure VII-18. At 14:15 oxygen was injected into the 

argon plasma. The silicon signal increased by a factor 4. The boron signal increased at the 
same time by a factor around 16. The B/Si ratio of the ICP signal increases thus by a factor 
4. The chemical equilibrium calculation predicts that the ratio between the gaseous species 
of silicon and boron remains constant when the oxygen source is modified. The increase of 
the B/Si ratio may however be explained by the formation of an aerosol. 
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Figure VII-20 Time dependence of the boron and silicon signal. 
At 14:15 1% of oxygen is added to the before pure argon plasma. 

Before the injection of oxygen in the plasma the silicon and the boron were oxidized by 
the oxygen that diffused from the silica plates of the crucible into the silicon melt. We can 
assume that the silicon was oxidized to SiO because the atmosphere above the silicon is not 
oxidizing. The vapor pressure of silicon is about 0.1 Pa at 1700 K [Des86] so that the 
vaporization of silicon should be small compared to the vaporization of SiO. 

When oxygen was injected into the plasma, the gas furnished supplementary oxygen to 
the silicon surface. We can assume that the silicon was oxidized to SiO2 because the 
atmosphere above the silicon was oxidizing due to the oxygen from the plasma. The silicon 
signal is four times higher when oxygen is injected. As the SiO2 flux is four times higher than 
the SiO flux before it contains eight times more oxygen. We can thus assume that the 
plasma transports seven times more oxygen to the surface than the silica plates. 

The increase of the B/Si ratio when oxygen is injected into the plasma is probably due to 
the difference between the diffusion coefficient of gaseous SiO and the SiO2 aerosol. As the 
SiO2 aerosol has a smaller diffusion coefficient, the concentration of silicon oxide at the 
silicon surface is higher for the same oxygen mass transfer rate. As the concentration of 
silicon oxide is higher at the surface, the concentrations of HBO and BO are also higher. 
Thus for the same silicon oxidation rate more boron compounds are formed. HBO was 
probably formed because there was still dissolved hydrogen in the silicon melt. However it 
would be interesting to repeat this measurement with hydrogen in the gas flow. 
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VII.10. Formation of the silica layer 
Chemical equilibrium calculation and experiments (at constant H2/O2 ratio) have shown 

that the deboronization rate is proportional to the oxygen concentration. But when the oxygen 
concentration is too high, a silica layer gets formed on the surface, which thus limits the 
oxygen concentration that can be used in the process. The formation of the silica layer is the 
transition from active to passive oxidation as it has been described in chapter II. 

In this experiment we test the influence of the gas velocity and the silicon temperature on 
the formation of the silica layer. We did this experiment without plasma, because the gas 
velocities are easier to control without plasma. 

 
Figure VII-21 The geometry of the setup for the test of different 

parameters on the formation of the silica layer 

Figure VII-21 shows the setup used for the experiment. The graphite crucible consists of 
a graphite block with a 20 mm deep cavity with silicon at the top. The shallow cavity avoids 
that the dilatation during solidification at the end of the experiment breaks the crucible. The 
graphite block is heated by induction. Due to the thermal inertia of the crucible it took about 
20 min until the temperature of the silicon stabilized after a change of the induction power of 
the crucible. The temperature of the silicon was measured with a two color pyrometer. During 
the injection of oxygen the temperature measurement was perturbed by the fume in the 
reaction chamber. We did the measurement of the temperature thus before the injection of 
the oxygen and verified that the gas flow did not modify the temperature of the silicon. 

We used two different injection modes. On the one hand we used a vertical nozzle with a 
diameter of 7 mm at a distance of 55 mm to the silicon surface and on the other hand we 
used an inclined nozzle with a diameter of 3.9 mm at a distance of about 70 mm to the silicon 
surface. 

55 mm 

  
 

Vertical nozzle 
Diameter : 7 mm 

Inclined nozzle 
Diameter 3.9 mm 

15° 

90 mm 

20 mm 

130 mm 

110 mm 

Graphite 
crucible 

~70 mm 
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Figure VII-22 Photos of the growth of the silica layer: 

The oxygen concentration is increased from a) to d), injection in vertical 
nozzle. Arrows indicate silica movement as seen on videos 

a) the silicon surface is bare 
b) and c) more and more silica is formed at the surface and evacuated 

d) a silica layer covers the surface 

We measured the minimum oxygen concentration at which the silica layer appears for 
different total gas flows and different silicon temperatures. For this purpose we increased the 
oxygen flow until we observed the silica layer and then we reduced the oxygen flow rapidly in 
order to avoid that the silica layer becomes thicker. When the silica layer becomes thicker it 
takes a long time to remove it. And before the silica layer is completely removed one cannot 
test the limit for the formation of the silica layer. 

Figure VII-22 shows the growth of the silica layer, when an argon-oxygen mixture is 
injected into the vertical nozzle. At low oxygen concentration the silicon surface is bare (a). 
When the oxygen concentration is increased above a threshold, one can observe silica at the 
surface that is evacuated by the gas flow and the stirring of the silicon (b). When the oxygen 
concentration is further increased more and more silica can be observed (c) Above a second 
threshold a fixed silica layer rapidly grows from the edge of the surface to the centre and 
covers then the whole surface (d). The concentration of the first threshold is very close to the 
second threshold. In the following measurements we always measured the second threshold. 

Interference fringes that can be observed in Figure VII-22 d) show that the thickness of 
the layer is probably some micrometers because the thickness of the layer varies by 
approximately 500 nm between two fringes. 

a) b) 

c) d) 



                                                                                  VII. Measurements of the purification rate 

191 

VII.10.1. The influence of the silicon temperature 

We measured the dependence of the threshold oxygen concentration for the silica layer 
formation on the silicon temperature. We injected of 1 m3/h of Ar and increased the oxygen 
flow until the silica layer appeared. 

 
Silicon temperature 1410 °C 1560 °C 1680 °C 
Measured dioxygen fraction 3.6% 7.1 % > 19% 
Dioxygen fraction in Wagner model 0.55% 3.5% 15% 
Enrichment factor R 5%H2+Plasma 130 76 50 
Normalized deboronization rate 
(=arb. const. * xO2 * R) 

1.00 1.15 >2.03 

Table VII-12 Dependence of the threshold dioxygen fraction for the formation of the silica 
layer on the temperature.  

Table VII-12 shows the temperature dependence of the maximal dioxygen fraction that 
can be injected without the plasma. We can clearly see the strong increase of the threshold 
concentration with the temperature. At 1410 °C the sil ica layer forms at a dioxygen fraction of 
3.6 % while at 1560 °C it forms only at 7.1 % and a t  1677 ° the oxide layer does not form up 
to 19 %, which was the limit of the flow meter. 

While the oxygen fractions that can be injected increases, the enrichment factor 
decreases due to the chemical equilibrium (Table VII-12). We used the enrichment factor 
calculated above and extrapolated it to the different temperatures using the temperature 
dependence of the enrichment factor from chemical equilibrium. The purification rate should 
be proportional to the product of the enrichment factor and the oxygen fraction. At the 
maximum oxygen fraction the purification rate should thus be only slightly higher at 1560 °C 
than at 1410 °C while it should be more than twice a s high at 1680 °C. This may indicate that 
higher oxygen mass concentration at high temperatures overcompensate the lower B/Si 
ratio. 

We want to compare the measured maximum oxygen fractions to the Wagner theory. In 
the Wagner theory the solid silica layer forms, when the SiO is above a threshold partial 
pressure and decomposes in Si and SiO2. The partial pressure of SiO is about two times the 
oxygen pressure of the gas phase. 

Degoulange [Deg08] calculated the dependence of the threshold partial oxygen pressure 
on the temperature using FactSage. Figure VII-23 shows his result together with the 
measurement. The calculated threshold dioxygen partial pressure at 1560 °C is 35 kPa 
which corresponds to an dioxygen fraction of 3.5%. The measured value is 7.1% and thus 
twice as high. At 1420 °C the threshold oxygen frac tio n of the calculation however is 0.55% 
and thus significantly lower than the measured fraction of 3.6 % at 1410 °C. The difference 
between the measured and the calculated threshold oxygen fraction indicates that the 
oxidation can not be described by the Wagner model. Wagner model predicts an increase of 
the maximum partial pressure with temperature but it largely overestimates the relative 
variation (Factor 2 in measurement and Factor 7 in Wagner model between 1410°C and 
1560°C). 
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Figure VII-23 Threshold for the formation of the SiO2 layer in dependence of the 

temperature. 
Chemical equilibrium calculation for Wagner model: (700 Si + 1 Ar + <A> O2) [Deg08] 

VII.10.2. The influence of the gas velocity 

We measured the threshold oxygen concentration for the formation of the silica layer in 
dependence of the gas velocity. We first set the argon flow and then increased the oxygen 
flow until the silica layer gets formed. 

The results are presented in Table VII-13. The gas velocities are calculated with the total 
flow rate and the diameter of the nozzle. The measured threshold oxygen fraction decreases 
when the total flow rate increases. Figure VII-24 shows the threshold oxygen flow rate for the 
vertical nozzle and the inclined nozzle in dependence of the total flow rate. The oxygen flow 
rate increases with the total flow rate but they are not proportional. It is thus not sure whether 
the maximum mass transfer rate of oxygen towards silicon surface varies with the gas 
velocity. 

At the same total flow rate the inclined nozzle has a higher threshold oxygen flow rate. 
This is not only due to the lower nozzle diameter which causes a higher velocity, because at 
the same velocity the threshold oxygen fraction for the inclined nozzle is more than twice the 
threshold for the vertical nozzle. The flow pattern, which depends on the angle of the jet and 
on the distance from the nozzle to the surface, should also play a role on the mass transfer 
properties of the boundary layer. 
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 Vertical Nozzle Inclined Nozzle 
Total Flow rate [Nm3/h] 1.3 2.3 3.8 6 1.2 2.2 3.5 

Gas velocity [m/s] 9.1 16 27 44 26 48 78 
Oxygen Flow rate [Nm3/h] 0.089 0.14 0.18 0.23 0.16 0.2 0.23 

Oxygen fraction 7.1% 6.2% 4.9% 3.9% 13% 9.1% 6.6% 
Table VII-13 Dependence of the threshold oxygen fraction for the formation of the silica layer 

on the gas velocity. 
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Figure VII-24 The dependence of the threshold oxygen flow rate on the total flow rate 

VII.10.3. Discussion on the silica layer formation 

The measurements have shown that the silica layer formation depends on the silicon 
temperature, the oxygen fraction and the gas velocity.  

The measurements indicate that the higher maximum oxygen concentration at a higher 
silicon temperature can overcompensate the lower B/Si ratio. This issue was yet discussed in 
[FNP04] and [Deg08] but there is no exact experimental validation. The purification rate at 
different silicon temperatures at the limit of the silica layer formation should be thus verified 
experimentally. 

The measurements are in contradiction with the Wagner model (chapter II) that predicts 
that the formation of the silica layer depends only on the oxygen fraction and the silicon 
temperature. It thus indicates that the Wagner model does not describe the oxidation in our 
conditions. The mass transfer rate from the gas to the surface and the mass transfer rate 
from surface to the gas have the same dependence on the gas velocity. 

Turkdogans model predicts a dependence on the three parameters but we have seen in 
chapter II that it predicts a silica layer formation at much lower oxygen fluxes than in our 
setup. Eventually another reaction than the silicon evaporation in Turkdogans model is 
responsible for the silica layer formation. The reduction SiO2 aerosol particles to SiO may be 
an example for a reaction that triggers the formation of the silica layer. 
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The oxidation of liquid silicon is thus a phenomenon that is not well understood so far. 
However this phenomenon has an important influence on the silicon purification. On the one 
hand it limits the silicon oxidation rate due to the formation of a silica layer. It thus also limits 
the boron removal rate which is proportional to the silicon oxidation rate. On the other hand 
the aerosol characteristics seem to modify the evacuated B/Si ratio and thus also the boron 
removal rate. 

Therefore a theoretical understanding of the oxidation of liquid silicon is very important to 
find the optimal conditions for the silicon purification.  

VII.11. Conclusion 
We showed that the measurement of the ICP signal can measure accurately the 

purification rate with long term purification. The comparison of the purification of doped 
electronic grade silicon and the purification of metallurgical silicon showed that the 
interactions between boron and other impurities do not modify the purification rate. The 
parametric study allowed determining the parameters that have a significant influence on the 
purification rate. The silicon temperature, plasma power, hydrogen and oxygen concentration 
are parameters that have a significant influence on the purification rate. An experiment has 
shown that the oxidation due to dissolved oxygen from the crucible leads to a smaller B/Si 
ratio than the oxygen from the plasma. This indicates that the formation of a SiO2 aerosol 
may be the reason why the measured B/Si ratio is higher than the chemical equilibrium B/Si 
ratio. By modifying the B/Si ratio, the SiO2 aerosol also modifies the purification rate. The 
formation of the silica layer under a cold gas jet depends on the silicon temperature, the 
oxygen fraction and also on the gas velocity. This silica layer hinders the purification. It would 
be interesting to measure at which temperature the maximum purification rate can be 
obtained at the limit of the formation of the silica layer. A understanding of the silicon 
oxidation would be interesting both for the influence of the aerosol on the evacuation of the 
reaction products and for the maximum quantity of oxygen or water vapour that can be 
provided to the surface. 
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VIII. General conclusion 
 

The objective of this study is a better understanding of the plasma refining process to 
reduce the boron content in silicon for solar cells. The process consists of a plasma torch 
that blows a mix of argon, oxygen and hydrogen at high temperature onto the surface of a 
silicon melt. 

Processes based on segregation are not very efficient for the removal of boron due to its 
segregation coefficient close to one. Therefore there is a great interest for a boron removal 
process such as plasma refining. A combination of segregation and plasma refining may thus 
be an alternative to the Siemens process that is generally used for the purification of silicon 
(see chapter I). We identified that in order to make the process economically viable it is 
important to reduce the gas consumption and to scale up. Both could so far only done with 
empirical study because a fundamental understanding of the process is missing.  

We present a simplified mass transfer model in chapter II. The boron as well as the 
silicon get oxidized by the water vapor. Convection, diffusion and chemical reactions 
determine thus the mass transfer and the purification rate. We give an overview on 
experimental results found in literature to identify the influence of different parameters on the 
purification rate. We examine the literature about the silicon oxidation which is the main 
reaction that takes place in the purification process. The silicon oxidation limits the water 
vapor flux that can be provided to the silicon surface because a silica layer gets formed when 
the water vapor flux is too high. We compare experimental results from literature to chemical 
equilibrium calculations and show that the chemical reactions at the surface are probably in 
equilibrium. This is in contradiction with most papers that suggest that the chemical reactions 
are the rate limiting step in the process. As the chemical reactions are at equilibrium the 
transfer of reactants to the surface and the evacuation of the reaction products remain as 
rate limiting steps. The formation of a silica aerosol may modify the evacuation of the silicon 
oxides. The gaseous boron compounds may diffuse stronger through the boundary layer 
than the silica aerosol particles. This theory can explain why the boron/silicon ratio found in 
exhaust gases is higher than that calculated at chemical equilibrium. The formation of a silica 
aerosol agrees with an oxidation model from literature and chemical equilibrium calculations. 
The total quantity of silicon that is oxidized is thus determined by the water vapor flux that 
arrives at the silicon surface. The boron flux that is evacuated from the silicon is determined 
by chemical equilibrium and probably also by characteristics of the silica aerosol. 

For a better understanding of the process the characterization of the plasma torch is very 
important. In chapter III we discuss several methods for the characterization of the plasma. 
We identified the temperature, the concentration ratios O/Ar and H/Ar and the gas velocity as 
the parameters that are necessary to fully characterize the plasma. We compared several 
techniques and found that optical emission spectroscopy is best adapted for the 
measurement of the temperature and the O/Ar and H/Ar ratio in our plasma. For the 
measurement of the temperature we use the absolute line intensity method with Abel 
inversion. This method is often applied in literature. For the measurement of the 
concentration ratios we use the emissivity ratio between two lines. Such a method was rarely 
applied in literature and needs thus an experimental validation. We analyzed different line 
broadening mechanisms. The line broadening of the H-Beta and the H-Delta line can be 
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used to measure the electron density which gives us the possibility to validate the 
temperature measurement. Line broadening simulation is important when the spectral 
emissivity can be measured at only one wavelength at a time. 

In chapter IV we present the experimental setups that were used for the spectroscopic 
measurements.  We used two different plasma torches and two different optical setups. The 
first optical setup used a monochromator with photomultiplier tube and a rotating mirror. A 
second setup used a monochromator with a CCD camera and mirrors on translational 
stages. The second setup was especially developed for this application and allowed fast 
measurements of the whole post-discharge zone. We present the data processing that is 
used to obtain the radial temperature and concentration ratio profiles from a two dimensional 
spectrum using the theory presented in chapter III. In the same chapter we analyze several 
error sources. The stray light induces errors in the cold zone of the plasma. Interference 
fringes on the CCD camera and the non uniformity of the entrance slit have been taken 
corrected numerically so that they do not induce errors on the measurement.  

In chapter V we present the spectroscopic measurements. Several measurements have 
been performed to test the validity and the precision of the method. The measurement of the 
electron density validated the temperature measurement but there is a difference of 300 K 
between the two methods. The injection of homogenous O2/Ar and H2/Ar mixtures showed 
that the concentration ratios O/Ar and H/Ar can be measured with an absolute accuracy of 
about 25% which is the accuracy of the transition probability of the argon lines. The 
measurements indicate that demixing occurs in the induction zone so that we do not know 
exactly the concentration in the validation experiments and can thus not validate the 
measurement more accurately. Fluctuations at the edge of the plasma induce errors on the 
concentration measurement in this zone. Once the measurement method was validated we 
used the characterizations to validate a computational fluid dynamics (CFD) model. The 
model was largely improved by using the k-の-SST turbulent closure instead of the k-i model 
that was used before. The model can be used to simulate the mass transfer towards the 
silicon surface. Several parametric measurements show the influence of different parameters 
on the concentration ratios and the temperature in the plasma. 

In chapter VI we present other measurement methods that were developed for the 
characterization of the plasma. For the measurement of the flow velocity we filmed the 
fluctuations of the plasma with a high speed camera. However this method is not accurate 
enough to validate the velocity of the CFD model. We also analyzed the coupling between 
the plasma and the inductor. A good coupling is important to induce a high power into the 
plasma. We showed that oxygen and hydrogen reduce the coupling coefficient. We could 
show that the thermal conductivity is responsible for the reduction of the coupling coefficient 
and not the heat capacity. Hydrogen has a higher thermal conductivity so that it should be 
injected in the injector of the plasma torch where it does not influence the coupling. We also 
observed a hysteresis effect with two different modes at the same external parameters. 

In chapter VII we perform measurements of the purification rate to test the theory that 
was developed in chapter II. The measured B/Si ratios in the exhaust gases are higher than 
at chemical equilibrium and indicate thus that boron is better evacuated from the surface 
than silicon. Two long time purifications showed that the interaction between other impurities 
and boron have no significant influence on the purification rate. A parametric study showed 
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the influence of different parameters on the purification rate. Equivalent to the literature 
experiments presented in chapter II we observe that the B/Si ratio in the exhaust gases 
depends on the silicon temperature and on the hydrogen fraction as predicted by chemical 
equilibrium (same relative dependence). We show that oxygen from the silica crucible and 
oxygen from the plasma lead to a different B/Si ratio. This is can be explained by the weak 
evacuation of the SiO2 aerosol, thought to be also responsible for the measured B/Si ratio 
that is higher than the chemical equilibrium B/Si ratio. A study of the formation of the silica 
layer showed that the maximum oxygen concentration depends on the silicon temperature 
and on the flow velocity. The measured parameters for the formation of a silica layer do not 
agree with the existing models and show that there is a need for a better understanding of 
the oxidation of liquid silicon. 

As we have shown that the radicals from the plasma probably are not necessary for the 
purification one should test whether similar efficiencies (gas & energy consumption) of the 
process can be obtained with a cold gas jet. For a fundamental understanding of both the 
plasma refining process and the cold gas blowing process a better understanding of the 
silicon oxidation is important. In a first step a numerical model such as that of Ratto [RRA01] 
with the addition of the aerosol diffusion may be developed. The diffusion coefficient may be 
obtained from the measured size of the aerosol particles. In a second step deviations from 
chemical equilibrium for example due to the slow aerosol condensation may be studied. The 
chemistry of boron may be added to such a model to better understand how the aerosol can 
modify the evacuated B/Si ratio. A simultaneous measurement of the aerosol particle size 
distribution and the enrichment factor with a cold gas jet may also give more information 
about the influence of the aerosol. 

We have shown that the developed optical emission spectroscopy method can measure 
the temperature and concentration ratios. A concentration ratio measurement on a mixture of 
atomic gases (no demixing) may give more information on the precision of the method. The 
method may also be applied to characterize other processes that use inductively coupled 
plasma torches. Examples for other processes are spheroidization, nanosized powders 
synthesis, induction plasma spraying and waste treatment. 

VIII.1. New concepts for the purification without plasma 
The findings of the present study open the way for new concepts that may reduce 

significantly the costs of the process, but need yet to be validated. We present here concepts 
for the reactor that may facilitate the scale-up of the process. 

VIII.1.1. Different jet geometries  

The purification rate is proportional to the enrichment factor and the quantity of silicon 
that is oxidized which is equivalent to the quantity of water vapour that is furnished to the 
surface. The increase of the mass transfer of water vapour to the surface should thus 
increase the purification rate. 

A way to increase the mass transfer at constant flow rate per surface area would be the 
use of a nozzle array. A first idea may be given by the paper from Martin [Mar77], who 
studied the heat and mass transfer of nozzle arrays as shown in Figure VIII.1 b) and c). For a 
given mean mass flow per surface area he found the optimal conditions for the nozzle 
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diameter (equation ( VIII-1 )) and the nozzle spacing (equation ( VIII-2 )) as function of the 
height H  above the surface. 

 

 

Figure VIII.1 New reactor designs a) single nozzle, b) multiple round nozzles c) multiple slot 
nozzles 

At the optimal conditions the mean mass transfer is maximal. The optimal conditions are 
similar for slot nozzles (c) and round nozzles (d). The slot nozzles should be used when the 
impact velocity should not be too high. For the purification process a too high impact velocity 
leads probably to the ejection of silicon drops so that slot nozzles probably permit to obtain 
higher boron removal rates than round nozzles. When the nozzle diameter and the nozzle 
spacing are adapted, the mass transfer increases, when the height above the surface is 
reduced.  

Nozzle diameter: HD
5

1=  ( VIII-1 ) 

Nozzle spacing: HL
5

7=  ( VIII-2 ) 

a) 
b), c) 

Front view 

top view 

a) b) c) 
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However it is not sure whether the formation of the silica layer limits the mass transfer of 
water vapour. This still needs to be validated. One needs also to validate whether 
recirculations reduce the enrichment factor.  

VIII.1.2. Continuous purification of a thin silicon  film  

Reactors with a crucible with stirring have a limited silicon surface which may thus limit 
the flux of silicon that can be oxidized and thus the flux of boron that can be removed. A 
significant increase of the surface could be obtained by treating a thin silicon film on a 
substrate of silicon resistant material as suggested by the patent of Kurz et al. [KSG90]. The 
silicon film needs to be thin, so that diffusion homogenizes the boron concentration across 
the thickness of the silicon film. The substrate must have a high wettability and the velocity of 
the gas should not be too high, so that the film does not break up into drops. As silicon wets 
very well most of the materials the choice of the substrate is large. [KSG90] suggest ceramic, 
mixed ceramics, high density graphite or quartz glass. A difficult task is to assure that the thin 
film flows everywhere with the same velocity, otherwise pure silicon would be mixed with less 
pure silicon at the bottom. Another difficult task is probably to maintain the substrate at a 
uniform constant temperature. We suggest two thin film reactor geometries. 

Counter flow reactor 

Figure VIII.2 New reactor design, purification of a thin silicon film in counter flow reactor 

By assembling several plates one next to another as shown in Figure VIII.2, one can 
obtain a large silicon surface. The silicon film flows downwards while the gas flow goes 
upwards (counter flow reactor).  

We want to compare the gas consumption per kg of purified silicon of such a setup to the 
gas consumption of the plasma refining process with a silicon melt. We assume that the 
silicon concentration in the exhaust gas is equal in the two processes. In this case the gas 

H2, H2O 

H2, SiO2, HBO2 

Si 
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consumption is inverse proportional to the mean [B(g)]/[Si(g)] ratio in the gas phase. The 
ratio [B(l)]/[Si(l)] is the boron concentration of the raw material. In the plasma refining 
process, the boron concentration in the gas decreases with the time. For a purification of a 
factor 16 the mean [B(g)]/[Si(g)] ratio is about one third of the [B(g)]/[Si(g)] ratio at the 
beginning. ( VIII-3 ). For the counter flow process the gas consumption is independent of the 
degree of purification. The [B(g)]/[Si(g)] ratio is given by the chemical equilibrium if the mass 
transfer between liquid and gas is efficient ( VIII-4 ).  

As the experimental enrichment factor is about six times higher than the enrichment 
factor at chemical equilibrium, the mean [B(g)]/[Si(g)] ratio with plasma is about twice as high 
as the counter flow reactor. The gas consumption is thus only half of the counter flow reactor. 
The further enrichment with boron in the counter flow reactor can thus not balance the higher 
experimental enrichment factor which is probably due to the slow diffusion of the SiO2 
aerosol. However we do not know whether the high enrichment factor that can be obtained 
with plasma may also be obtained with a cold gas jet. Eventually a counter flow reactor is 
more efficient than an array of gaz nozzles. 

Thin film reactor with multiple nozzles 

 

Figure VIII.3 New reactor design, purification of a thin silicon film with multiple nozzles 

While the continuous treatment with a plasma torch is rather complicated due to the 
inhomogeneous mass transfer and the high heat transfer this may be simpler with a multiple 
nozzle array. Figure VIII.3 shows the schema of such a setup. The multiple nozzle array 
blows the hydrogen and water vapour onto the silicon surface. 

In comparison to a reactor with gas nozzles above a silicon melt in a crucible, such a 
reactor may have a lower cost per surface area. The gas consumption per kg of purified 
silicon should be similar to the gas consumption of a reactor with a silicon melt. 
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A. Appendix A: About local thermal equilibrium 

A.1. Local thermal equilibrium 
For the plasma diagnostics that we use in this study the concept of local thermal 

equilibrium is very important. A good understanding of this concept is therefore crucial for the 
interpretation of the measurement results. We begin with the presentation of the processes 
that are important for the establishment of thermal equilibrium in a gas at about 10000 K at 
atmospheric pressure. Then we present the concept of complete thermal equilibrium as it is 
the best way to understand the energy distributions of the particles. After that we present the 
concepts of local thermal equilibrium (LTE) and partial local thermal equilibrium (pLTE). 

A.1.1. The microscopic processes  

We present the microscopic processes that take place  in a gas at high temperature. 
eAAe ′+′↔+  

Elastic collision 
In an elastic collision two different or similar particles can exchange kinetic energy. 

υh)i(A)j(A +↔ . 

Emission u Absorption 
An excited atom in an energy level j can make a spontaneous transition to a lower 

energy level i by emission of a photon. The inverse process is the excitation of the atom by 
absorption of a photon. The energy modes excitation and radiation can exchange energy 
through this process. 

ejAAe ′+↔+ )()0(  

Inelastic collision 
In an inelastic collision an electron loses kinetic energy when colliding with an atom while 

the atom gains excitation energy. For this process the kinetic energy of the electron must be 
higher than the difference between the two energy levels. In the inverse process the electron 
gains kinetic energy while the atom loses excitation energy. 

ejAeiAe ′′++′↔+ + )()(  

Ionization u Three body Recombination 
An excited atom can be ionized by the collision with an electron. Ionization of ground 

state atoms is very rare because the ionization energy (15.75 eV for Ar) is very high 
compared to the mean kinetic energy of the electrons (1.3 eV at 10000 K). The inverse 
process is the three body recombination. The energy modes excitation, ionization and kinetic 
energy of the electrons can exchange energy through this process.  

e)j(A)i(Ah +↔+ +υ  

Photoionization u Radiative recombination 
Photoionization is the ionization of an excited atom with the absorption of a photon. The 

inverse process is the radiative recombination. The energy of the photons must be higher 
than the ionization energy for the excited state. The energy modes excitation, ionization and 
radiation can exchange energy through this process. 

eAehA ′+↔++ υ  
Photoabsorption u Bremsstrahlung 

When an electron collides with a particle it is accelerated and emits Bremsstrahlung. The 
inverse process is Photoabsorption. The energy modes kinetic energy and radiation can 
exchange energy through this process. 
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A.1.2. Complete thermal equilibrium  

When we put a gas into a cavity with constant wall temperatures T it tends to maximize 
its entropy according to the second law of thermodynamics. Once it has achieved the 
maximum entropy all microscopic processes that are described above are as frequent as 
their inverse processes and the gas is in complete thermal equilibrium. As all these 
processes are in detailed balance, the energy distributions of the particles remain constant 
and they depend on only two thermodynamic variables: the temperature T and the pressure 
p. 

The energy distribution for distinguishable particles with the highest entropy for a fixed 
total energy is the Boltzmann distribution. The kinetic, the excitation and the ionization 
energy modes follow therefore Boltzmann distributions. The only difference between the 
three distributions is the state density which depends on the energy.  

For the Boltzmann-distribution of the population of the energy levels the state density is 
the degeneracy jg  and )T(Z  is the normalization factor. 
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The Maxwell-Boltzmann distribution for the velocity v  of particles with a mass m  has a 

state density which is homogeneous in momentum space. Therefore there is a factor 2v  

(surface of a sphere in momentum space) and 332 )Tk/(m/ B×π is the normalization 

factor. 
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The Saha ionization equation gives the ratio between two consecutive ionization stages 
with an ionization energy Zχ . Z counts the ionization stages. 0n  is the neutral atom density, 

1n the singly ionized atom density and so on. en  is the electron density. The Saha ionization 

equation is similar to the Boltzmann-distribution of the energy levels but one has to include 

the state density 3232 h/)Tkm( /
Beπ  and the spin degeneracy 2  of the free electron. )T(ZZ  

is the partition function of the ionization stage Z . 
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For argon at atmospheric pressure and 10000 K we can use the assumptions of 
quasineutrality 1nne = , small degree of ionization totnn =0  and insignificant concentration of 

multiply ionized ions 01 =>zn . In this case, the equation can be simplified to: 
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The photons however do not follow a Boltzmann distribution because two photons with 
the same energy are not distinguishable. Planck’s Law (A-5) which gives the distribution of 
the photons is based on Bose-Einstein statistics 
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A.1.3. Local thermal equilibrium (LTE)  

In a plasma the conditions for complete thermal equilibrium are practically impossible to 
fulfill. Temperature and density gradients are almost always present. For this reason, thermal 
equilibrium can only be defined locally. At each point the system increases its local entropy 
so that the local energy distributions approach the equilibrium distributions. Transport 
phenomena causes deviations from the maximal local entropy and therefore from the 
equilibrium distributions. In the case considered here, the deviations are mainly caused by 
the fact that photons can leave the system. 

The term local thermal equilibrium (LTE) was first used to describe the plasma in the 
interior of the sun where the scale of the temperature gradient is small compared to the 
mean free path of material particles and photons. In this case it is possible to define regions 
in which the energy distributions of the particles are nearly the same as in complete thermal 
equilibrium; however, the density and temperature depend on the position in the plasma. 

Later LTE was also used to describe laboratory plasmas where the mean free path of 
photons is very long but the mean free paths of material particles are still short compared to 
the scale of the temperature gradient. In this case photo ionization/radiative recombination 
and emission/absorption are no longer in equilibrium. The radiation transport reduces the 
number of ions and highly excited atoms. If the collision rates are sufficiently high the 
collisional processes elastic collision, super-elastic collision and ionization are still in detailed 
balance. This is the case in a collision dominated plasma. That means that the 
Saha-equilibrium for the ionization, the Maxwell-Boltzmann-Distribution for the material 
particle velocity and the Boltzmann-Distribution for the excited states remain valid and all 
distributions have the same temperature T at each coordinate. As the mean free path of the 
photons is very important for LTE on the one hand and the spectroscopic measurement on 
the other hand we examine the radiative transport equation. 

A.1.4. Radiative transport equation:  

 
Figure A.1 Radiative sources and sink of an atomic line 

 
The radiative transport equation is a continuity equation with the source terms 

spontaneous emission λε  and induced emission λλβ L  and the sink term absorption λλα L−  

(see  
Figure A.1). For a one dimensional system the equation (A-6) describes the radiative 

transport. The index λ stands for the wavelength dependence of the coefficients. In a three 
dimensional system one has to take into account the solid angle and the direction of a light 
beam. 

λλλλ
λ βαε L)(

dx

dL
−−=  (A-6) 
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We replace the induced emission and the absorption by an effective absorption 

λλλ βαα −=/  : 

 

λ
λ

λλ

λ α
ε

α
L

dx

dL
//

−=1
 (A-7) 

The homogeneous solution 0=dxdLh
λ  of the radiative transport equation is the ratio 

/
λλ αε . It describes radiation in thermal equilibrium. For atomic line emission we can write: 
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We can replace the emission coefficients by the Einstein coefficients and use the relation 

luul BB =  and 38 λπhBA ulul = . The indices u and l stand for the upper and lower energy 

level. When we use the Boltzmann distribution of the excited state which is valid in a collision 

dominated plasma we obtain the Blackbody radiation for the ratio /
λλ αε . 
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This relationship is known as Kirchhoff’s law. It is valid when the radiation source is in 
thermal equilibrium. The link between the emission coefficient λε  and the effective 

absorption coefficient /
λα  assures that there is no net energy transport between two media at 

the same temperature, which is forbidden as a result of the second law of thermodynamics. 
We can now look for the particular solution of the radiative transport equation: 

p
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   �  )xexp(cL //p
λλ α−×=  

The general solution, the sum of homogenous and particular solution is given by (A-9)  
where the constant c  is defined by the boundary conditions. ( 1=c  for 0)0( =λL ) 

))exp(1()( / xcBLLxL ph
λλλλλ α−×−=+=  (A-10) 

The parameter ∫∆+ xx

x

/ dxλα  where x∆  is the size of the medium is called the optical 

thickness. In an optically thin medium absorption is negligible while in an optically thick 
medium emission and absorption are in equilibrium and the intensity is given by the 

blackbody radiation spectrum. The mean free path of a photon is /
λα1 . 

We want to calculate the mean free path of the photons of the atomic lines of argon. 
Therefore we use the emission coefficient and Kirchhoff’s law. 

The global emission coefficient of an atomic line is 
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The wavelength dependent emission coefficient depends on the line profile )(P λ  which 

depends on line broadening line)(P ελε λ ×= . 
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The atomic line has a high emissivity in the centre of the line and a low emissivity at the 
edge of the line. Therefore the photons at the centre wavelength have a shorter mean free 
path than the photons at the edge of the line.  

In order to estimate the magnitude of the mean free path of a photon we use a very 
unrealistic rectangular line broadening with a width of 10-3nm which is the width that has 
been calculated by Lacombe (page 63 [LAC08]) 

The mean free path of the photons is then 
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In Table A-1 we show that all lines that correspond to transitions to the ground state have 
a very short mean free path (< 1 µm). We also show, using some typical lines as examples, 
that the mean free paths of lines corresponding to transitions to excited states can have all 
orders of magnitude between 0.1 µm and 10 m. Lines with long mean free paths have a 
small transition probability. 

Mean free path [m] Lambda 
[nm] Aul [1/s] El [eV] Eu [eV] gu 

10000 K 8000 K 
104.8 5.10E+08 0.00 11.83 3 5.63E-08 4.50E-08 
86.7 3.13E+08 0.00 14.30 3 1.96E-07 1.57E-07 
87.6 2.70E+08 0.00 14.15 3 2.18E-07 1.74E-07 
106.7 1.19E+08 0.00 11.62 3 2.25E-07 1.80E-07 
88.0 7.70E+07 0.00 14.09 3 7.51E-07 6.01E-07 
87.0 3.50E+07 0.00 14.26 3 1.73E-06 1.38E-06 
811.5 3.31E+07 11.55 13.08 7 8.24E-05 1.75E-03 
965.8 5.43E+06 11.62 12.91 3 6.83E-04 1.46E-02 

1300.8 8.90E+06 13.30 14.26 3 1.03E-03 3.49E-02 
2397.3 3.60E+05 13.33 13.85 1 1.01E-02 3.30E-01 
1146.8 369000 13.15 14.23 5 1.94E-02 6.37E-01 
557.3 660000 13.09 15.32 7 1.00E-01 3.46E+00 
594.9 150000 13.28 15.37 3 1.00E+00 3.62E+01 
442.4 7300 11.72 14.52 3 1.04E+01 2.45E+02 

Table A-1 Mean free path of some argon lines 

Energy transport by radiation is very complicated to take into account in numerical 
modeling of the plasma that is examined here. Photons with very long mean free paths can 
be taken into account by treating them as energy sinks (they leave the plasma without 
interaction) and photons with very short mean free paths can be taken into account by a 
thermal diffusion coefficient. For the others one has to take into account details of emission 
and absorption. As the global absorption and emission coefficient and the line profile depend 
on the temperature a precise modeling is very complicated. Further information can be found 
in the thesis of Lacombe [LAC08]. 

For the spectroscopic measurement of the emissivity it is important to use atomic lines 
with very long mean free path. Otherwise absorption would cause errors. We use a taylor 
serie for the exponential of the solution of the radiative transport equation (A-9) and get 
equation (A-14) 

...)))(1(1()( 2// xxBxL λλλλ αα +−−=  (A-14) 

For 01.0/ <xλα  the quadratic term is 99% smaller than the linear term and can therefore 

be neglected. We find then for the intensity the equation (A-15) which depends only on the 
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emissivity. We can apply the criterion 01.0/ <xλα  to the ICP that we study which has a width 

of about 0.04 m and find thus a minimal mean free path of m4/1 / >λα  

xxBxL λλλλ εα == /)(  (A-15) 

 

A.1.5. Departure from LTE  

Departure from LTE is always due to energy transport. In an ICP at atmospheric 
pressure there are three transport modes that can affect LTE: 

•  Application of an electric field to supply energy 
•  Loss of energy by radiation 
•  Transport of energy by the ambipolar diffusion of electrons and ions due to high 

temperature gradients 
 
The departure is important when reactions that are responsible for the equilibrium are too 

slow to distribute the energy uniformly. Reactions with a small energy transfer rate that can 
be out of equilibrium are on the one hand the collisions between electrons and heavy 
particles and on the other hand the collision induced excitation of atoms in the ground state 
together with its inverse reaction. 

Two temperature for heavy particles and electrons 

 
Figure A.2 Induction zone and post-discharge zone of an inductively coupled plasma (ICP) 

The energy transfer between electrons and heavy particles by elastic collisions is not 
very efficient because of the small mass ratio. If either the electrons or the heavy particles 
lose or win energy, the energy balance between them is disturbed. The energy balance for 
electrons and for heavy particles is still maintained at different temperatures for each of 
them. So the Maxwell-Boltzmann velocity distribution is still valid but with a different 
temperature eT  for the electrons and gT  for the heavy particles. In inductively coupled 

plasma this phenomenon occurs in the induction zone, because nearly all the energy that is 
supplied by the electric field is absorbed by the electrons as their mass is much smaller than 
the mass of the ions. The difference between these two temperatures can be calculated with 
the formula given in the book “Plasma Diagnostics” [LR68] Chapter 3 page 147: 
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eEλ  is the energy that each electron gains from the electric field between two collisions 

( λ  mean free path of the electron) and eBTk2
3  is the average thermal energy of the electron. 

This departure from LTE is important in the induction zone where the induction coil induces a 
current in the plasma (See Figure A.2). We find the characteristic time for the establishment 
of kinetic equilibrium between electrons and heavy particles with a formula given in the same 
book: 

Induction zone Te>Tg 

Post-discharge zone Te=Tg 

Inductor 
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eV75.151 =χ is the ionization energy of argon and en  is the electron density in cm-3 

which can be calculated with the Saha ionization equation. We get for the characteristic time 

s7102 −× at 10000 K. The flow time ( ssmcm 410100/1 −=> ) of the hot zone from the 

induction zone to the post-discharge zone is large compared to this characteristic time. In the 
post-discharge zone the kinetic temperature should be thus the same for electrons and 
heavy particles. This deviation should therefore not influence the measurements. Regt 
[RGM96] measured in a 1.2 kW ICP a heavy particle temperature of 3000-5000 K and an 
electron temperature that was 1000-2000 K higher 7 mm after the coil. This agrees with the 

characteristic time that is with sec108 4−× much higher than at 10000 K. 
 

Partial LTE (pLTE) 
In LTE the excited levels are in equilibrium with the neutral ground level (Boltzmann 

equilibrium (A-18),(A-20)) and with the ion ground level (Saha equilibrium (A-19), (A-21)). A 
frequently occurring deviation from LTE is partial LTE (pLTE). If a plasma is in pLTE the 
excited levels are in equilibrium with the ion ground level but the neutral ground level is not in 
equilibrium with those levels ((A-20) and (A-21) remain valid for i,j>1 ). This is probable, 
when the excited levels are close to the ionization energy and far from the ground level, as it 
is the case for Ar, O and H. The reaction rate of (A-18) is then much slower than the reaction 
rate of (A-19) because of the smaller energy gap. 

eiXeX +↔+ )()1(  (A-18) 

eiXeeX +↔+++ )()1(  (A-19) 
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The disequilibrium can be caused by an electric field, radiative energy losses or 

ambipolar diffusion of ions and electrons. As the concentration of the ion ground level is 
much higher than the concentration of the excited levels the transport of excited levels does 
not cause deviations from LTE. (In LTE at 9000 K only 5 ppm of the Ar atoms are in an 
excited state while 6600 ppm of the atoms are ionized). In a recombining plasma the ion 
density is higher than in equilibrium, while in an ionizing plasma the ion density is lower than 
in equilibrium. Nowak [NMS88] measured the excitation temperature and the electron density 
and showed that the ICP is ionizing next to the induction zone and recombining in the post 
discharge zone. (Figure A.2). Due to energy losses the ion ground level and the excited 
levels are overpopulated in the post discharge zone. 

Figure A.3 shows a simplified scheme for the energy exchange of a recombining plasma 
in pLTE. The kinetic energy of the electrons and the heavy particles is in equilibrium with the 
excited levels and the ion ground level. The system loses energy by radiation of the electrons 
(Bremsstrahlung) and of the excited levels. The electrons can transfer by collisions the 
energy between the heavy particles and the excited states so that they remain in equilibrium 
and cool down simultaneously. The transition from the excited state to the ground state, 



Appendix A : About local thermal equilibrium                                                                              
 

208 

however, is slow and forms therefore a bottleneck. The concentration of the ground state 
atoms is thus not in equilibrium with the concentration of the excited states and the ions. 

 
Figure A.3 Simplified scheme for the transitions of Ar plasma in pLTE 

 
Figure A.4 Difference between slow (LTE) cooling and fast (pLTE) cooling 

Although in typical atmospheric ICP conditions the neutral ground level concentration is 
almost the same for LTE and pLTE (close to 100%) it is more convenient to define one 
overpopulation factor b  for the ground level, than to define two overpopulation factors for the 
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excited levels and the ions. (Recombining plasma 1<b , Ionizing plasma 1>b , LTE 1=b ) 
The Boltzmann equilibrium of LTE (A-20) remains valid for i>1 in pLTE but it must be 
modified for the neutral ground level (A-22). The overpopulation of the excited levels is then 

given by b/1  (A-23) and the overpopulation of the ion ground level by b/1  (A-24). 
Figure A.4 shows the Boltzmann plot of a plasma in LTE at a temperature T1 that cools 

down to a temperature T2. When the plasma cools down slowly the balance between the 
ground state atoms and the excited atoms is maintained and the plasma remains in LTE. The 
new boltzmann plot is similar to the first with a different slope. When the plasma cools down 
rapidly the reaction between the ground state and the excited states can not follow so that 
the concentrations are not balanced anymore. The slope of the Boltzmann plot is the same 
than in LTE but it does not cross the ground state concentration which does not vary 
because it is close to 100%. The excited states and the ion ground level are overpopulated 
compared to the LTE at the temperature T2. 
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The deviation of the ion density from equilibrium of different elements is different 
depending on the equilibrium ion density and the reaction rates between the ion ground level 
and the neutral ground level. Therefore the overpopulation factor b  is different for different 
elements and may therefore induce an error on measurements that use LTE. 

As the measured concentration ratio is proportional to the concentration ratio of the 
excited levels, the relative error induced by the overpopulation is 1/ −OAr bb  for the [O]/[Ar] 

ratio and 1/ −HAr bb  for the [H]/[Ar] ratio. 

 
In order to give an estimation for the overpopulation factor we refer to Nowak [NMS88] 

who showed with measurements of excited states populations and electron densities that the 
overpopulation factor Arb  is between 0.1 in recombining regions and 10 in ionizing regions of 

an ICP similar to the small ICP used in this study. A detailed study of the influence of the 
recombination on the overpopulation factors can be obtained with a collisional-radiative 
model. Hasegawa [HH85] developed a collisional-radiative but he did not calculate the level 
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densities for an recombining plasma that is optically thick for the resonance lines, as it is the 
case in the plasma that have been studied here. 

Equation (A-25) shows that at an excited state at 14.5 eV has the same population at 
9000 K with 1=b , at 8013 K with 1.0=b  and at 10264 K with 10=b . As our temperature 
measurement is based on the population of an excited state, the error that can be induced by 
an overpopulation factor 10=b  or 1.0=b  is about 1000 K. 
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The electron density is in equilibrium with the excited states and thus not a good 

indicator to determine whether the ground state is overpopulated or not. A recombining 
plasma at 8013 K with 1.0=b  has only a 13% lower electron density than a LTE plasma at 
9000 K ( 1=b ). 
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B. Appendix B: Experimental validation of the Stark 
width 

As presented in chapter III we measure only the emissivity at the central wavelength of a 
line when we use the monochromator equipped with a photomultiplier tube. The total 
emissivity of the argon and oxygen lines can be obtained by multiplying the measured 
emissivity with a constant factor. The total emissivity of the hydrogen line can be obtained by 
multiplying the measured emissivity with a temperature dependant factor that can be 
calculated with the theory of the line broadening. On the following pages we present a 
method to validate the simulated line profiles. 

For this we measure the lateral intensity profile at several wavelengths next to the central 
wavelength of the H-Beta line at 486 nm and use Abel inversion to obtain the radial 
emissivity profile. At each radial position we fit then a simulated profile and can obtain thus 
the Lorentzian width that is due to Stark broadening. For the simulation of the Doppler width 
we need the temperature which we measured with an argon line. 

B.1. The wavelength profile 
First we measured the temperature profile with an argon line as described in Chapter III. 

In the next step we measured the wavelength profile of the H-Beta line at the centre of the 
plasma (blue graph in Figure B-1). The centre of the peak in Figure B-1 is about 0.3 Å higher 
than the theoretical wavelength of the hydrogen multiplet (4861.3 Å). This small difference is 
due to an imperfect calibration of the monochromator, and the theoretical profiles have been 
shifted of a constant value to account for this default. We chose seven wavelengths for which 
we measured the lateral profiles and calculated the radial profiles with the Abel inversion. 
The red squares in Figure B-1 show these seven wavelengths. 

 

 
Figure B-1 Measured Wavelength profile of the H-Beta line 

We obtain for each radial position the emissivity of the seven different wavelengths 
(Figure B-2). We use these seven emissivities and the temperature measured with an argon 
line, to fit a theoretical line profile for hydrogen as described below. From the fitted function 
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we obtain the Stark width, which is strongly dependant on the electron density in the plasma. 
We do this fit for all radii and thus obtain separately the Stark width and the temperature 
across the plasma. 

 

 
Figure B-2 Radial profiles of the different wavelengths (red squares in Figure B-1) 

B.2. Fit of the line profile 
We have measured a line profile at each radial position with seven different wavelengths. 

We do fit a simulated line profile to this measured wavelength profiles to obtain the 
Lorentzian width. First we describe the method for the simulation of the line profile. 

From chapter III we know that the emission profile has the shape of a Voigt function. An 
analytical expression for the Voigt function, being the convolution of a Lorentz function and a 
Gauss function, does not exist. The three functions are defined by equations (B-1), (B-2) and 
(B-3). Where Gλ∆  is the half width at half maximum (HWHM) of the Gauss function and Lλ∆  

is the HWHM of the Lorentz function 
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Since the convolution needs a lot of computing time it is inconvenient for a fitting 
algorithm. We used thus a different method to calculate the Voigt function, using the real part 
of the complex error function, which can be calculated fast. 

The complex error function is defined to be (Abramowitz [AS65], Chapter 7): 

∫∞

∞−

−

−
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tz

ei
)z(

t 2

π
ω  (B-4) 

At the end of this chapter we show that the Voigt function (equation (B-3)) is equal to the 
real part of the complex error function: 
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Qualitatively we can see that the numerator in the integral of the complex error function 
is similar to the Gauss function and the denominator is similar to the Lorentz function, so that 
this is plausible.  

For the calculation of the complex error function, we used an algorithm written by 
D. Holmgren which is printed in at the end of this chapter. We compared the Voigt function 
calculated with the complex error function to the Voigt function calculated by convolution for 
different parameters. We observed identical profiles and validated thus the method using the 
complex error function. 

The monochromator adds instrumental broadening to the line profile. For the 
measurement we used a width of 100 µm for the entry and the exit slit of the monochromator. 
The spread function of the monochromator Jobin Yvon HR640 is in these conditions very 
similar to a triangular profile with a width of 1.2 Å, which we used for the spread function. 

The simulated profile is then the convolution of the three profiles in Figure B-3. The 
convoluted profile needs to be multiplied by the intensity of the peak and the continuum 
radiation must be added to it. As discussed before the first convolution has been replaced by 
the method using the complex error function, whereas the convolution of the Voigt function 
by the monochromator profile is calculated by numerical integration. 

 

 

The shape of the simulated profile finally depends on five parameters: 
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Figure B-3 Convolution of the different profiles 
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•  the width of the Stark broadening � Lorentz width ))(( TneLλ∆  

•  the width of the Doppler broadening � Gauss width )(TGλ∆  

•  the intensity of the peak 
•  the intensity of the continuum 
•  the width of the monochromator profile 

Two of these parameters are known and don’t have to be fitted: we know the Gauss 
width of the Voigt profile because we measured the temperature, and we also know the 
profile of the monochromator. The unknown parameters are the intensity of the continuum, 
the peak intensity and the Lorentz width of the Voigt profile. We therefore fit the three 
unknown parameters with an iterative process, as indicated in Figure B-4. We simulate a 
profile at each iteration, calculating a Voigt profile that is convoluted with the monochromator 
profile and added to the background intensity. Then the simulated profile is compared to the 
measured profile with the least squares method. The function fminsearch of matlab continues 
to iterate until it finds a global minimum for the three parameters that are fitted. Figure B-5 
shows the fitted line profile at the centre of the plasma together with the experimental 
emissivity values (points) deduced from Abel inversion of the measured lateral intensity 
distributions.  

 
Figure B-4 Methodology for fitting the peak  
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Figure B-5 Measured points at radius 0 with the fitted peak 

B.3. Comparison of calculated and measured Stark width 
As explained in chapter III, the Stark width of hydrogen lines depends principally on the 

electron density of the plasma, which should be related to the temperature by the Saha 
equation at local thermal equilibrium (LTE). Figure B-6 shows a comparison of the measured 
Stark width (from the method explained above) to the Stark width calculated at LTE from the 
local measured temperature (see chapter III). Both curves use data measured at the outlet of 
the small torch with the experimental parameters of Table B-1. 

The calculated Stark width at LTE is higher than the measured values, so that it seems 
that the electron density at the outlet of our torch is 2.5 times lower than its LTE value. 
However as the measurement was done in the post-discharge region the electron density 
should be rather higher than in LTE. The difference could be explained by an error of the 
temperature measurement. If the measured temperature was 500 K lower the measured 
Stark width would fit the calculated Stark width. However such an error on the temperature 
measurement would mean that the measured emissivity is 7 times higher than the real 
emissivity. We did not further investigate where this difference comes from. We used the 2.5 
times lower electron density for the line profile simulation for the hydrogen concentration ratio 
measurement. 
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DC Voltage U 3.0 kV 
DC Current I 0.33 A  
P(electric) 1.0 kW 
Outer flow Ar 12.2 l/min 
Intermediate flow Ar 0.52 l/min 
Intermediate flow H2O(g) ~0.03 l/min 

Table B-1 Parameters for the validation of the line profile simulation 



                                                            Appendix B : Experimental validation of the Stark width 

217 

 

B.4. The Voigt function 
The Gauss function is 
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The Lorentz function is 
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The Voigt function is the convolution of the Gauss function and the Lorentz function:  
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We use (B-6),(B-7) and (B-8) and obtain 
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We make the following replacements:  

22 lnG ×=∆ σλ ; 2γλ =∆ L ; 02λλ += x ; 0λ+=′ tt  

and obtain the following expression for the Voigt function )(PV λ : 
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We want to show that the Voigt function can be written as the real part of the complex error 
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We replace 
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The equation (B-11) is the same as equation (B-10). We have thus shown that the Voigt 
function can be written as the real part of the complex error function. 
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B.4.1. Implementation of the complex error function  in matlab 

For the calculation of the complex error function we use the matlab file written by D. 
Holmgren: 
 
% Function to evaluate complex error function for a ny 
% z = x + i*y.  This uses Hui's rational approximat ion. 
% Real part is Voigt function, imaginary part is di spersion 
% (ie., complex index of refraction).  Works for bo th scalars 
% and vectors.  Have not yet made function applicab le to whole 
% z-plane. 
% by D. Holmgren, July 23 95. 
function f = cerf(z) 
% coefficients of rational approximation...       
      a0 = 37.24429446739879 + 0*i; 
      a1 = 57.90331938807185 + 0*i; 
      a2 = 43.16280063072749 + 0*i; 
      a3 = 18.64649990312317 + 0*i; 
      a4 = 4.67506018267650 + 0*i; 
      a5 = 0.56418958297228 + 0*i; 
      b0 = 37.2442945086 + 0*i; 
      b1 = 99.9290005933 + 0*i; 
      b2 = 118.6763981260 + 0*i; 
      b3 = 80.6459493922 + 0*i; 
      b4 = 33.5501020941 + 0*i; 
      b5 = 8.2863279156 + 0*i; 
% evaluate complex error function...       
      x = real(z); y = imag(z); nl = length(x); 
% z is a scalar...       
      if nl == 1, 
      zh = y - i*x; 
      f=(((((a5*zh+a4)*zh+a3)*zh+a2)*zh+a1)*zh+a0)/ … 
((((((zh+b5)*zh+b4)*zh+b3)*zh+b2)*zh+b1)*zh+b0); 
      end 
% z is a vector...       

      if nl ~= 1, 
      zh = y - i.*x; 
      f=(((((a5 .*zh+a4).*zh+a3).*zh+a2).*zh+a1).*z h+a0)./… 
((((((zh+b5).*zh+b4).*zh+b3).*zh+b2).*zh+b1).*zh+b0 ); 
      end 
end 
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B.5. Abel inversion  
This Chapter is rewritten from the paper of Nestor and Olsen [NO60] 
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We want to numerical algorithm to solve the equation (B-12) for a discrete function. We 

replace in equation (B-12) vr =2  and uy =2  and obtain thus 
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For the discretization we divide the integral into sub-integrals with an equal width ay =∆ . We 

assume that )u(L  is a linear function of u  in each zone. 
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After performing the indicated integration in equation (B-14) and transforming back to original 
coordinates, we obtain 
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B.5.1. Matlab implementation 

We used the following implementation in matlab. The vector “lat” contains the lateral intensity 
profile and calculated radial emissivity profile is written in the vector “EPS”. The radial 
emissivity must be divided afterwards by the distance between two points of the lateral 
profile. 
  
function EPS=Abel(lat) 
    [m]=size(lat); 
    for i=1:m 
        EPS(i,1)=0; 
        AKN=0; 
        AKNm=0; 
        k=i-1; 
        for j=i:m 
            n=j-1; 
            AKN=(sqrt((n+1)*(n+1)-k*k)-sqrt(n*n-k*k ))/(2*n+1); 
            EPS(i,1)=EPS(i,1)+(AKNm-AKN)*L(j); 
            AKNm=AKN; 
        end 
        EPS(i,1)=-EPS(i,1)*2/pi; 
    end 
end 
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Abstract
Inductively coupled plasma torches need high ignition voltages for the E–H mode transition
and are therefore difficult to operate. In order to reduce the ignition voltage of an RF plasma
torch with a metallic confinement tube the E–H mode transition was studied. A Tesla coil was
used to create a spark discharge and the E–H mode transition of the plasma was then filmed
using a high-speed camera. The electrical potential of the metallic confinement tube was
measured using a high-voltage probe. It was found that an arc between the grounded injector
and the metallic confinement tube is maintained by the electric field (E-mode). The transition
to H-mode occurred at high magnetic fields when the arc formed a loop. The ignition voltage
could be reduced by connecting the metallic confinement tube with a capacitor to the RF
generator.

(Some figures may appear in colour only in the online journal)

Thermal plasma torches have replaced flames in many material
processes as high-temperature enthalpy sources (i.e. powder
spheroidization, cutting, welding, waste treatment). Thermal
plasma torches can be arc torches or inductively coupled
plasma torches. Inductively coupled plasma torches have the
advantage of high purity because the energy is induced by a
magnetic field so that the plasma is not in contact with an
electrode as is the case in arc torches. Low-power inductively
coupled plasma torches (2 kW), used for chemical analysis,
are generally confined by a quartz tube. At higher values
of power (40 kW–1 MW) the confinement needs a cooling
system that absorbs and evacuates the radiation power of the
plasma without screening the magnetic field. This can be
achieved using a water-cooled ceramic confinement [1] or a
segmented water-cooled metallic confinement tube [2]. While
ceramic confinement has better energy efficiency due to its low
electrical conductivity, metallic confinement has the advantage
of good resistance to high heat fluxes and mechanic shocks.
Plasma torches with a metallic confinement tube are used, for
example, for the purification of silicon for solar cells [3] and
for Earth re-entry simulations [4]. In the case of purification
of silicon the metallic confinement tube was chosen to reduce

the risk of water falling onto the silicon, which would cause
an explosion.

During the ignition of an inductively coupled plasma
a mode transition takes place. The gas first breaks down
in a capacitive discharge (E-mode) and turns, when the
electromagnetic field is high enough, into the H-mode. Several
papers deal with this E–H mode transition in low-pressure
plasmas from 0.1 to 10 Pa. Cungeet al explain the mechanisms
of the E–H mode transition well [5]. In the E-mode, the plasma
is powered mainly by the electric field and has a low electron
density. In the H-mode, the plasma absorbs more power, and is
powered mainly by the magnetic field and has a higher electron
density. In low-pressure plasmas in the E-mode, the power
absorption and power losses are both nearly proportional to
the electron density and the electric field. Above a threshold
electromagnetic field the power absorption is higher than the
power losses so that the electron density increases strongly
until the power losses and absorption are again equilibrated in
the H-mode.

Some atmospheric-pressure torches can be ignited at low
pressures, but an ignition at atmospheric pressure is cheaper
because it does not need expensive vacuum technology. In their
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Figure 1. Geometry of the experimental setup.

book Laroche and Orfeuil present several techniques for the
ignition of atmospheric-pressure torches [6]. The E–H mode
transition at high pressures is different from the E–H mode
transition at low pressures because the E-mode is not diffuse
and therefore a higher electromagnetic field is necessary for
the mode transition. A high electromagnetic field requires
a high generator voltage. The high generator voltage makes
operation difficult because it can cause arcing or very high
power absorption after ignition.

Using high-efficiency solid-state power supplies for the
operation of plasma torches requires handling the ignition
with a low generator voltage. Such power supplies have
a higher energy efficiency than tube-type oscillator power
supplies, but are limited in frequency (typically<1 MHz) and
voltage (typically<1 kV). So far complex auxiliary systems
have been necessary for ignition at atmospheric pressure with
solid-state power supplies. For example, the company Tekna
proposes a multi-coil induction torch with a second generator
for ignition [9].

Razzaket al studied the mode transition at atmospheric
pressure in a 20 kW plasma torch with a quartz confinement
[7, 8]. We assume that this mode transition can be generalized
to any torch with electrically insulating confinement while it is
different in an electrically conducting confinement, as shown
in this paper.

The purpose of this paper is to study the E–H mode
transition in a plasma torch with a segmented metallic
confinement tube and to find a method that can reduce the
minimum voltage necessary for the E–H mode transition. The
findings may help one to replace plasma process systems with

expensive vacuum technology with cheaper systems without
vacuum technology and to replace tube-type oscillator power
supplies with high-efficiency solid-state power supplies.

1. Experiment

The experimental setup is shown in figure1. The plasma
torch consisted of a segmented metallic confinement tube, an
auxiliary quartz tube and a metallic injector. The slits between
the segments avoided currents that would screen the magnetic
field. The confinement tube and the injector were water cooled.
An inductor with four turns induced a current in the plasma.
The inductorL1 was connected in parallel with a high voltage
capacitance (C1 = 2.5 nF) to the RF power generator of type
Collpitts (Hüttinger, 60 kW, figure2). The inductorL1 and the
capacitorC1 acted as a tank circuit with a resonance frequency
of 2.6 MHz. A plate voltageUdc between 0 and 8.0 kV was
applied to the triode. The voltage of the grid of the triode
oscillated with the tank circuit. Therefore, the current of the
triode also oscillated with the tank circuit. The link capacitor
and the choke separated the RF current and the direct current.
The RF currentIRF flowed to the tank circuit and the direct
current (plate current)Idc flowed to the high-voltage source,
where it was measured. The plate voltageUdc was generated by
a voltage transformer and a rectifier. A proportional–integral–
derivative (PID) controller regulated the thyristors at the low-
voltage entry of the generator to maintain the plate voltage
constant at the desired value. A galvanic isolation and a Fluke
NetDAQ were used to measure the plate voltageUdc and the
direct currentIdc of the generator. An optical mirror inclined

2
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Figure 2. Circuit diagram of the power supply and the equivalent circuit for the plasma torch (grey).

at 45◦ was used to observe the plasma. Pictures of the E-mode
were taken with a camera (Nikon D80, ISO 1600, aperture
7.1, exposure time 250µs). The E–H mode transition was
filmed with a high-speed camera (AOS X-motion, objective:
sigma 150 mm, 1 : 2.8, aperture: 32, shutter time: 200µs,
frame rate: 1000 Hz). The outer flow was set to be 50 l min−1,
the intermediate flow to be 6.5 l min−1 and the inner flow to
be 2.3 l min−1. All flows were pure argon. The outer flow
was injected with a swirl. The injector was connected to
the ground. In order to film the E–H mode transition the
plate voltageUdc was set to be 7.5 kV. Then a short high-
voltage peak (�t = 0.2 ms,U = 4 kV) was applied to the
floating confinement tube using a Tesla coil, similar to those in
automobiles, in order to create an electric field higher than the
breakdown field between the confinement tube and the injector.
When the high-voltage peak was applied, the gas broke down
in the E-mode, which was maintained by the RF electric field.
The voltage from the Tesla coil was zero when the E–H mode
transition took place.

The voltage of the confinement tubeUConf and the
generator RF voltageURF were measured using a high voltage
probe (Tektronix P6015A) and an oscilloscope (Tektronix
TDS 220).

2. Results and discussion

2.1. The E–H mode transition

We observed that the high voltage of the Tesla coil created an
arc between the confinement tube and the injector. The arc
was then maintained by the electric field (figure3). The time
between the ignition of the arc (E-mode) and the transition to
the inductive plasma (H-mode) varied from a tenth of a second
up to several seconds. Comparing several videos of the ignition
showed that the transition from E-mode to H-mode always
follows the same mechanism, as shown in figure4. The arc
has a spiral shape between the injector and the confinement
tube. We observe that the arc turns around the injector while
the arc feet remain fixed. Between (g) and (h) in figure 4 a
connection between the inner turn and the outer turn of the
arc occurs. This short-circuited loop acts as a transformer
secondary with the inductor being the primary. The intensity
of the plasma then grows very fast until it stabilizes in the
H-mode. This E–H mode transition is very different from

Figure 3. Picture of the E-mode (superposed with the image of the
torch).

the E–H mode transition in torches with quartz confinement
observed and studied by Razzak [8]. The plasma in the
E-mode in the torch with quartz confinement consists of several
axial and tangential filaments on the surface of the quartz
confinement. During the E–H mode transition one tangential
filament grows in intensity and forms the H-mode. As the
metallic confinement tube has a high electrical conductivity it
cancels the axial and tangential electric fields on the surface
of the confinement tube. Therefore, the filaments, as they can
be observed in quartz confinement, cannot exist in metallic
confinement. In low-pressure torches the E-mode is a diffuse
discharge that occupies the whole volume in the inductor [5].
Its geometry is similar to the H-mode but it has a lower electron
density.

We measure the increase in the plate voltageUdc and the
dc currentIdc when the arc is ignited (figure5). Since the
voltage is controlled at a fixed value the voltage increase may
be a measurement error. The increase in the current is probably
due to the small power absorption in the E-mode. During the
transition to H-mode the current increases strongly because of

3
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Figure 4. Transition from E-mode to H-mode (Udc = 7.5 kV).

Figure 5. The dc voltage and dc current during ignition.

the power absorption of the plasma. The high current induces
a reduction in the plate voltage, which is rapidly cancelled by
the PID controller. This is the reason for the oscillation of the
voltage. We can see in figure5 that the current and therefore
the power absorption in the H-mode are very high compared
with the E-mode.

In our configuration a plate voltageUdc of 5.5 kV is
necessary to maintain the E-mode and by increasing the voltage
the transition to H-mode occurs at a plate voltageUdc of
7.5 kV. The arc is maintained by the electric field between
the confinement tube with a floating potential and the injector
which is connected to the ground. The oscillating potential
of the confinement tubeUConf, which is shown in figure6,
loses its sinusoidal form when the arc is ignited. This can
not only be due to the electrical properties of the arc but also
to parasite inductances and capacitances. The mean potential
of the inductor is half the voltage of the RF generatorURF

due to symmetry. The inductor together with the confinement
tube forms a capacitorC ′, whereas the space between the
confinement tube and the injector has an impedanceZ′, as
shown in the equivalent circuit of figure2.

The potential of the confinement tubeUConf is smaller
when the arc is ignited because the arc reduces the impedance
Z′ between the confinement tube and the injector, which is

Figure 6. Voltage of the confinement tubeUconf for three modes
occurring during the plasma ignition.

connected to the ground. In the H-mode the potential of the
confinement tube is even smaller because the impedanceZ′ is
smaller due to the large volume and the high electron density
of the plasma.

The formation of a closed loop does not always lead to an
E–H mode transition. Figure7 shows a spiral that evolves into
a loop, which then disappears between (e) and (f ), while the
short straight connection between the confinement tube and
the injector remains. This reconnection can also be seen in
the oscillating potential of the confinement tubeUConf, which
increases when the arc becomes longer and drops when the arc
reconnects (figure8). The time between two reconnections is
about 20 ms. In general, many reconnections occur before the
E–H mode transition.

The formation of the spiral from a straight radial arc
is probably due to the Lorentz force. The magnetic field
is parallel to the axis of the torch and the arc current is
perpendicular to the axis of the torch. The Lorentz force is
then perpendicular to the arc and the axis of the torch, and can
swirl the arc. However, the phase shift between the magnetic
field and the arc current must be small.

From the equivalent circuit of figure2, the inductor current
can be approximated toIL = −IC = −URFjC1ω because the

4
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Figure 7. Reconnection: the arc forms a loop which disappears (Udc = 7.5 kV).

Figure 8. Effect of the reconnection on the voltage of the
confinement tubeUConf.

Figure 9. Direction of the Lorentz force seen from the top.

resonance circuit has a high quality factor (IRF ≪ IL). The
arc current can be approximated toI ′ = (URF/2)jC ′ω because
UConf ≪ URF/2 when the arc is ignited (figure6). Therefore,
the phase of the arc currentI ′ (from the confinement tube to
the injector) is opposite to the phase of the inductor current
(from top to bottom). Figure9 shows the direction of those
currents seen from the top whenI ′ > 0 andIL < 0 (the
inductor has the shape of a left-handed helix and the lower
end is connected to the ground) and also the direction of the
magnetic field (downwards) and the Lorentz force (clockwise).

Figure 10. Superposition of two frames of the high-speed video
(�t = 5 ms, E-mode,Udc = 7.5 kV).

In the diagram (top view) the Lorentz force turns clockwise as
it does in the pictures taken with the camera (bottom view
inverted by a mirror). Considering that the arc foot at the outer
tube stays fixed, the direction of the Lorentz force explains the
clockwise formation of a spiral, as seen in figures4 and7.

2.2. Comparing the Lorentz force and drag force of the arc

It would be possible to achieve a fundamental understanding
of the arc movement by numerical modelling. Several papers
use a qualitative model for the movement of the arc, which
takes only the Lorentz force and the drag force into account
[12–14]. We want to test whether this model describes well
the movement of the arc and to validate an estimation for the
arc current. In order to find the speed of the arc two frames
with a time difference of 5 ms are superposed (figure10).
By comparing the length of the arrows in figure10 with the
diameter of the torch a speed of about 1 m s−1 was calculated.
The picture taken with the Nikon camera (figure3), which has
a better image sharpness than the videos, is used to measure
the diameter of the arc to be about 2 mm. The drag force can
be calculated assuming the arc to be an infinite solid cylinder.
The drag coefficient ofCD = 1.3 was taken from [14]. The
drag force is thenfD = CD · 1

2ρu2
0d = 2 × 10−3 N m−1.

We calculate the magnitude of the magnetic field with the
approximation of an LC circuit with a high quality factor and

5
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the formula for a long solenoid:

|IL| = |URF|C1ω

B = µ0
N

l
IL = µ0

N

l
· URFC1ω = µ0

4

0.05m
12 kV · 2.5 nF

·2.6 MHz · 2π = 0.05 T (peak to peak).

In order to calculate the current of the arc we estimate the
capacitance between the inductor and the confinement tube
using the formula for a cylindrical capacitor:

C ′ =
2πε0

ln(90 mm/60 mm)
0.05 m≈ 7 pF,

I ′ =
URF

2
· C ′ω = 2π · 2.6 MHz · 7 pF· 6 kV = 0.7 A

(peak to peak).

The mean Lorentz force is thenfL = I ·B = 1
8 ·0.7 A·0.05 T =

4 × 10−3 N m−1. The factor 1
8 is necessary because the

magnetic field and the current are peak-to-peak values.
The same order of magnitude is obtained for the

Lorentz forcefL and the drag forcefD showing that this
qualitative model is reasonable to describe the movement
of the arc. It validates the order of magnitude of the arc
currentI ′.

2.3. Reducing the ignition voltage

After studying the E–H mode transition two methods for
reducing the minimum plate voltageUdc for the E–H mode
transition were tested. The objective is to increase the electron
density of the arc so that the magnetic field can better couple
to the closed loop so that the probability for the E–H mode
transition is higher. For the first method, we used a capacitorC2

to increase the arc currentI ′ in the E-mode. The capacitorC2

consisted of two copper plates with a capacitance of 40 pF and
was connected to the upper point of the capacitorC1, which has
an oscillating potentialURF (setup (b) in figure11). Hull [10]
patented a similar setup in 1988, but his objective was to reduce
the generator voltage necessary for the breakdown of the gas
and not the generator voltage for the E–H mode transition.

The classic setup (setup (a) in figure11) needs a minimum
plate voltageUdc of 7.5 kV for the E–H mode transition. When
the capacitor is connected (setup (b) in figure11) this minimum
voltageUdc was significantly reduced to 6.0 kV. This shows the
importance of the arc currentI ′ from the confinement tube
to the injector. A higher arc currentI ′ produces a higher
electron density and the magnetic field can therefore couple
better. This finding can help one to develop plasma torch
setups that can work with lower generator voltages. We also
tested another setup with the capacitorC2 connected to the
floating injector and the confinement tube connected to the
ground (setup (c) in figure11). In this setup the Tesla coil was
connected to the injector. Such a setup has the advantage that
it does not need complicated electrical insulation between the
metallic confinement and the reaction chamber at the outlet of
the torch. In this setup the arc turned in the opposite direction
and the minimum plate voltageUdc for the E–H mode transition
was 7.0 kV.

The second method that was tested was a Penning mixture
of Ar and 0.03% acetylene [11]. The Penning mixture has

Figure 11. Equivalent circuit for different setups and the minimum
plate voltage for the E–H mode transitionUdc,min.

a very low breakdown voltage, but to our knowledge it has
not yet been tested whether it reduces the minimum voltage
necessary for the E–H mode transition. A negative effect
of the Ar–acetylene mixture was observed. Up to a plate
voltage of 8.0 kV, the limit of the generator, the plasma
remained in the E-mode. While the Penning effect increases
the electron density because metastable argon atoms ionize
acetylene molecules other effects may reduce the electron
density. For example, the recombination of an acetylene
ion with an electron together with the decay of the resulting
excited acetylene molecule. As the plate voltage necessary for
the E–H mode transition is higher when using the Penning
mixture, the effects that reduce the electron density are
probably more important than the Penning effect.

6
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3. Conclusion

The ignition of a 40 kW inductively coupled plasma torch with
a metallic confinement tube was investigated. It was shown
that in the E-mode an arc between the floating confinement
tube and the grounded injector is maintained. During the
E–H mode transition the arc forms a spiral and a connection
between two turns forms a loop to which the magnetic field
can couple. An argon–acetylene Penning mixture could not
reduce the minimum generator voltage necessary for the E–H
mode transition. Connecting the confinement tube with a
40 pF capacitor to the RF generator reduced the minimum
plate voltage necessary for the E–H mode transition from 7.5
to 6.0 kV.
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I. Introduction 
La présente étude a pour objectif de mieux comprendre le procédé de raffinage en bore 

du silicium par plasma réactif. Avant de présenter le procédé lui-même, la technologie 
« standard » utilisée pour la purification est présentée.  Cette technologie utilise le procédé 
Siemens. Nous présentons plusieurs technologies qui peuvent remplacer le processus de 
Siemens à moindre coût. Le procédé de raffinage par plasma peut éliminer le bore qui peut 
difficilement être éliminé par d'autres procédés. À la fin de ce chapitre, nous présentons la 
nécessité d'une compréhension fondamentale du processus de raffinage par plasma. 

 

I.1. La technologie standard pour la production du silicium 
de qualité solaire 

I.1.1. Production du silicium métallurgique 

 
Figure I-1 Blocs de silice et silicium 

Les matières premières pour la production de silicium sont le quartz et les réducteurs 
(charbon, coke, bois). Le quartz est un composé chimique constitué de deux éléments parmi  
les plus abondants sur terre, l'oxygène et le silicium. La plupart des sables contiennent une 
grande quantité de quartz, mais pour la production de silicium des pierres de silice pure sont 
utilisées. Les pierres de silice sont réduites par du charbon dans un four à arc électrique 
(Figure I-2). L'énergie fournie par le four est utilisé pour faire fondre le quartz de manière à 
pouvoir réagir avec les agents réducteurs. 

La production d’une  tonne de silicium nécessite [Dub90]: 
• 2,5 tonnes de quartz 
• 0,8 tonne de charbon de bois 
• 0,2 tonne de coke 
• 1,2 tonne de bois 
• 0,1 tonne électrodes de graphite 
• 11.000 kWh d'électricité 
La réaction globale qui prend place dans le four de réduction est : COSiCSiO 222  . 
Cette réaction globale est la somme des différentes réactions élémentaires qui ont lieu dans 
différentes zones du four de réduction. Une description détaillée peut être trouvée dans 
[STT98] Le silicium est coulé dans un creuset avec bullage d'air (raffinage par oxydation). 
L'oxygène de l'air réagit avec les éléments qui sont plus réactifs que le silicium, tels que 
l'aluminium et le calcium. Les oxydes forment une couche sur le silicium et peuvent ainsi être 
enlevés. Le silicium produit par le four a une forte concentration d'impuretés qui proviennent 
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du quartz et des réducteurs. Baluais et al. [BCD09] ont mesuré la concentration de plusieurs 
impuretés dans le silicium en sortie d'un four à arc électrique (tableau I-1). Les teneurs en 
impuretés varient selon les matières premières et un compromis doit être trouvé compte tenu 
de leur pureté, de leur coût et de leur disponibilité. En particulier, les teneurs en bore et 
phosphore de la matière première sont primordiales parce que la purification de ces 
éléments du silicium est coûteuse. En choisissant bien le quartz et les réducteurs la 
concentration en bore peut être réduite jusqu'à 7 ppm et la concentration en phosphore peut 
être réduite à 10 ppm [Deg08]. Les impuretés doivent être éliminées afin d'obtenir du silicium 
de grade solaire. Cela se fait habituellement avec le procédé Siemens 

Fe Ca Al Ti B P C 

2400 ppm 98 ppm 245 ppm 240 ppm 32 ppm 19 ppm 100 ppm 

Tableau I-1 Concentration des impuretés dans le silicium métallurgique [BCD09] 

 
Figure I-2 Four de réduction 

I.1.2. Purification par le procédé Siemens 
Dans le procédé Siemens le silicium métallurgique réagit avec du chlorure d’hydrogène 

produisant ainsi le trichlorosilane. 

23 3 HSiHClHClSi   
Le trichlorosilane est alors séparé des impuretés par distillation. Le trichlorosilane de 

haute pureté est alors réduit en silicium dans un réacteur CVD (Chemical Vapour 
Deposition).. 

  323 HClSiHSiHCl   
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Pour la purification de 1 kg de silicium, la consommation d'énergie du procédé Siemens 
est de 110kWh d’électricité [AW07] et de  51 kWh de chaleur. Cela représente 30% de 
l'apport total en énergie primaire nécessaire pour la production d'une cellule solaire. Par 
conséquent de nouveaux procédés sont actuellement mis au point pour remplacer le 
procédé Siemens. Les coûts de production de silicium solaire du procédé Siemens est 
d'environ 50 € / kg [SSC10], et le silicium obtenu a seulement ~ 0,02 ppm d'impuretés. Un 
dopant peut être ajouté au silicium pour augmenter la conductivité (dopage), par exemple le 
bore pour obtenir du silicium de type p et le phosphore pour obtenir du silicium de type n. 

I.2. La voie métallurgique 
 
Le procédé Siemens pour la purification du silicium nécessite beaucoup d'énergie et il 

est ainsi couteux. Ce procédé a été développé pour fournir du silicium de haute pureté pour 
l'industrie des semiconducteurs. L'industrie solaire a besoin d'une pureté moins drastique, 
mais de volumes beaucoup plus grands, et donc un silicium moins cher est souhaité. Des 
procédés de purification alternatifs ont le potentiel de réduire le coût du silicium solaire. Dans 
le manuscrit en anglais nous présentons quelques technologies qui peuvent purifier le 
silicium et qui peuvent être adaptées pour l'industrie. Toutes les technologies sont basées 
sur ces trois phénomènes physiques: 

 Ségrégation; 
 Evacuation des impuretés, ou de leurs produits de réaction, due à une solubilité 

plus élevée dans une phase séparée ; 
 Evacuation des impuretés volatiles ou des produits de réaction volatiles. 

 
Ici nous allons présenter une combinaison de deux procédés qui peut réduire la 
concentration de tous les éléments. 

I.2.1. Ségrégation 
Quand un cristal de silicium croît, l’ajout d’un atome de silicium au réseau cristallin coûte 

moins d’énergie que l’ajout d’un atome d'impureté. Cet effet microscopique conduit à une 
plus faible concentration macroscopique de l'impureté dans le solide que dans le liquide en 
raison d'une plus grande solubilité de l'impureté dans le liquide. A l'équilibre le rapport entre 
les concentrations d'impureté entre le solide et le liquide est donné par le coefficient de 
ségrégation thermodynamique. Le Tableau I-2 montre des coefficients de ségrégation 
thermodynamiques pour différents éléments. Lorsque la solidification est assez lente, de 
sorte que le transport dans le silicium liquide homogénéise la concentration d'impuretés dans 
le liquide de façon efficace, le coefficient de ségrégation effectif est proche du coefficient de 
ségrégation thermodynamique. La solidification peut ainsi être utilisée pour purifier le 
silicium. 

La ségrégation fonctionne bien pour les éléments avec des coefficients de ségrégation 
petits, tandis que ce n'est pas très efficace pour les éléments phosphore et bore qui ont des 
coefficients de ségrégation proches de un. La ségrégation peut être mise en œuvre dans un 
procédé de solidification dirigée. 
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Impuretés Al B C Ca Cu Fe P Ti 
coefficient de 
ségrégation 

thermodynamique 
2.10-3 0.8 0.07 0.05 4.10-4 8.10-6 0.35 10-6 

Tableau I-2 Coefficients de ségrégation thermodynamique 

Solidification dirigée 

 
Figure I-3 Schéma d’un four pour la solidification dirigée 

Au cours de la solidification dirigée le silicium est refroidi sur une face du creuset (en 
général le fond) et se solidifie dans une direction imposée, comme représenté sur la Figure 
I-3, ce qui permet d’utiliser la ségrégation pour concentrer les impuretés dans le dernier 
liquide. La vitesse de solidification est limitée par le transport des impuretés de l'interface 
solide-liquide vers la masse de liquide. Quand la diffusion est le seul mécanisme de 
transport, la solidification doit être lente pour éviter une concentration d'impuretés plus 
élevée au-dessus de l'interface solide-liquide. Le bullage d'air [And04], le brassage 
électromagnétique [LDZ12] et l’agitation mécanique peuvent être utilisés pour homogénéiser 
la concentration des impuretés dans le silicium liquide par convection. Ainsi, une plus grande 
vitesse de solidification peut être utilisée parce que la concentration à l'interface solide-
liquide reste faible.  

Après la solidification, les impuretés sont concentrées dans l’extrémité du lingot qui a 
solidifié en dernier. Cette extrémité est coupée afin d'obtenir un lingot avec une 
concentration moyenne qui est beaucoup plus faible que la concentration initiale. Sinon, la 
masse fondue de silicium peut être partiellement solidifiée de sorte que les impuretés sont 
concentrées dans le dernier liquide, qui est enlevé. 

Dans des conditions idéales le profil de concentration après une solidification complète 
peut être calculée avec l'équation Scheil (I 1) [KF86], où k  est le coefficient de ségrégation 
d'équilibre, 0C  est la concentration avant la solidification, x  est la position dans le lingot et 
L  est la longueur du lingot. Figure I-4 montre le résultat de l'équation de Scheil pour le 
phosphore et le bore avec différentes concentrations initiales. 

solide 

liquide 

Source de chaleur 
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Isolation 
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Front de 
solidification 
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Figure I-4 Profil de concentration du bore et du phosphore après une solidification 
dirigée. 

 

Figure I-5 Schéma pour un procédé de purification avec quatre solidifications dirigées  
(2/3 de la charge est solidifié et a ainsi la moitié de la concentration initiale en 
phosphore, le 1/3 qui reste liquide a deux fois la concentration initiale en phosphore et 
peut-être recyclé dans la solidification précédente. 

Nous proposons un procédé avec plusieurs étapes de solidifications successives pour 
enlever le phosphore, dont le coefficient de ségrégation est proche de 1. Le choix du creuset 
est très important parce que les creusets qui ne polluent pas le silicium (typiquement en 
silice) sont très chers et ne peuvent pas être réutilisés. Les premières solidifications peuvent 
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être faites dans un creuset qui pollue le silicium mais seulement avec des éléments qui sont 
efficacement éliminés lors de la dernière solidification ou lors de la cristallisation. Il est 
important d'éviter la pollution avec des éléments qui ségrégent peu, surtout le phosphore. 

I.2.2. Evacuation des impuretés volatiles ou des produits de 
réaction volatils. 

Raffinage par plasma 
Un plasma thermique avec de l'argon, de l'hydrogène et de l'oxygène (ou vapeur d'eau) 

est soufflé sur le silicium fondu. L'hydrogène et l'oxygène réagissent avec le bore et forment 
des produits volatils qui sont évacués par le flux de gaz. 

La méthode a été appliquée par Morvan et al [MAC83]. Ils ont utilisé une petite torche à 
plasma inductive de 12 kW. Le flux de gaz contenait de l’argon avec 1% d'hydrogène et 
jusqu'à 0,2% d'oxygène. Depuis, le procédé a été amélioré en permanence. Une 
amélioration consiste en l'utilisation de brassage électromagnétique de la masse fondue de 
silicium de sorte que le bore est mieux transporté à la surface du bain [ATP02]. Une autre 
amélioration repose sur l'utilisation des torches à plasma de haute puissance jusqu'à 1,2 MW 
[NBS04] avec des flux de gaz élevés. Une purification rapide de grandes quantités de 
silicium a ainsi été rendue possible. 

Il a pu être démontré que la purification est possible à l'échelle industrielle, mais les 
réactions chimiques au cœur du procédé sont encore mal comprises. Dans cette étude, nous 
cherchons à mieux comprendre ce procédé dans le but de l’améliorer. Pour cela nous 
caractérisons le plasma en utilisant la spectroscopie d’émission, puis nous analysons les 
interactions entre le plasma et le bain du silicium. Pour cette seconde étape nous utilisons un 
modèle simplifié de transfert de masse et nous calculons l’équilibre chimique à la surface du 
silicium avec le programme commercial Factsage. 
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I.3. Pureté visée 
 

 
Figure I-6 Effet de la concentration des impuretés métallique 
(at/cm-3) dans un monocristal sur l’efficacité normalisée d’une 

cellule solaire [Piz10],[DRH80]  

Les impuretés peuvent réduire l'efficacité de la cellule solaire. En dessous d'une 
concentration maximale l'effet de l'impureté est négligeable, mais au-dessus de cette 
concentration, l’impureté dégrade de plus en plus le rendement des cellules solaires lorsque 
sa concentration croît. Les études sur un monocristal dopé ont montré que la concentration 
maximale acceptable est très différente pour les différents éléments (Figure I-6). L'effet des 
diffuseurs rapides peut être réduit par le gettering au cours du processus de fabrication de la 
cellule de telle sorte qu’une concentration plus élevée que l'indique la Figure I-6 peut être 
acceptable. Pendant le gettering les éléments diffusent à des emplacements où ils sont 
électriquement inactifs et n'ont donc pas d'influence sur le rendement de la cellule. 

Le coût de la purification du silicium par la voie métallurgique augmente fortement avec 
le niveau de pureté souhaité. Par conséquence, il est possible d'obtenir un prix plus bas pour 
l'électricité (mesuré en $/Wc ou Dollar par Watt crête) avec une cellule solaire qui a une 
efficacité légèrement inférieure et en même temps un prix plus bas parce que le silicium est 
moins pur. Afin d'optimiser le niveau de pureté pour un bas prix de l'électricité il faut analyser 
le coût de l'ensemble du module. Powell et al [PWC12] ont estimé un coût de 0,23 $/Wc pour 
la charge de silicium et 1,29 $/Wc pour le module total. En utilisant un silicium de qualité 
inférieure avec qui coûte la moitié du prix et donnant un rendement de 9% (relatif) inférieur 
on obtient ainsi le même coût par watt crête ($/Wc) pour la cellule solaire. Cela donne une 
idée quelle dégradation du rendement peut être acceptable pour réduire le coût du silicium. 

Pour le silicium métallurgique la concentration de bore et de phosphore est cruciale, car 
ces éléments sont difficiles à enlever. Delannoy [Del11] suggère une concentration maximale 
de 0,5 ppm (en poids) de bore et 1,5 ppm de phosphore. Elkem [Elk12] annonce des 
concentrations inférieures à 0,2 ppm de bore et 0,62 ppm de phosphore. Dans les deux 
spécifications les concentrations atomiques sont similaires. Lorsque la concentration en 
donneurs est semblable à la concentration en accepteurs les deux se compensent et 
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augmentent la résistivité du silicium. Un tel silicium est appelé silicium compensé. Xiao et al. 
[XYX12] ont montré que l'efficacité d'une cellule solaire au silicium compensé avec moins de 
5 ppm de bore est similaire à l'efficacité du silicium dopé classique. Toutefois, la formation de 
complexes de bore-oxygène peut réduire considérablement l'efficacité quand la 
concentration de bore est élevée. Cet effet se produit lors de l'exposition de la cellule solaire 
à la lumière et est donc appelé dégradation sous éclairement (LID pour Light Induced 
Degradation) [GKR11]. 

Au cours de la cristallisation le phosphore ségrége beaucoup plus que le bore. On 
obtient ainsi un rapport P / B plus élevé dans la partie supérieure du lingot de silicium que 
dans la partie inférieure. Avec 0,4 ppm de bore et 1,0 ppm de phosphore comme 
concentrations initiales, 88% du lingot est de type p après solidification et peut être utilisé 
pour la production de cellules solaires. La résistivité du lingot change également avec la 
concentration en phosphore. Avec le co-dopage de gallium on peut augmenter la résistivité 
et la fraction de silicium de type p [KWH10]. 

I.4. Conclusion 
Nous avons présenté la technologie actuelle qui est généralement utilisée pour la 

production du silicium solaire. Ensuite, nous avons présenté une combinaison des procédés 
qui a le potentiel de produire du silicium avec une pureté inférieure à moindre coût que le 
procédé standard. La purification du silicium par plasma, qui fait partie de cette combinaison, 
peut efficacement réduire  la concentration de bore dans le bain du silicium. 

Quand une nouvelle configuration de purification par plasma est mise en œuvre (up-
scaling), il est important d'adapter les différents paramètres afin d'obtenir le taux de 
purification le plus élevé possible. Il faut ainsi optimiser la température, la composition et la 
vitesse du plasma. Les paramètres qui peuvent être modifiés sont la puissance, les débits de 
gaz et de la géométrie de la torche à plasma. Jusqu'à présent, le procédé est mal compris. 
Les améliorations peuvent seulement être obtenues par des études empiriques. Avec une 
meilleure compréhension du procédé, il serait plus facile d'optimiser une installation. 

L'objectif de cette étude est d'obtenir une meilleure compréhension du transfert de 
masse et des réactions qui jouent un rôle dans le processus. Pour cela nous avons d'abord 
analysé et amélioré un modèle  de transfert de masse pour identifier les étapes limitantes du 
procédé (chapitre II). Un modèle numérique de mécanique des fluides a été élaboré au 
laboratoire par Mickael Majchrzak. Ce modèle simule le plasma et peut ainsi calculer le 
transfert de masse vers la surface de silicium. La validation de ce modèle par spectroscopie 
est le point le plus important de cette étude. Dans le chapitre III, nous présentons la théorie 
qui est nécessaire à la compréhension de la méthode spectroscopique. Dans le chapitre IV, 
nous présentons les installations expérimentales pour la mise en œuvre de la méthode. 
Dans le chapitre V, les résultats des mesures spectroscopiques sont présentés et comparés 
au modèle. Au chapitre VI, nous présentons des expériences de mesure des vitesses de gaz 
et des mesures du couplage électromagnétique  dans la torche à plasma à couplage inductif. 
Dans le chapitre VII, nous présentons des tests paramétriques de l'efficacité de la 
purification. 

II. Purification du silicium par plasma 
Dans ce chapitre nous faisons un aperçu de la théorie et des mesures sur le procédé 

trouvées dans la littérature. Nous utilisons un modèle de transfert de masse simple pour 
trouver l’étape limitante du procédé (Figure II-1). Le transport du bore vers la surface n’est 
probablement pas l’étape limitante parce que le brassage est efficace. La littérature [NBS04] 
suggère que les réactions chimiques à la surface sont lentes et qu’elles sont ainsi limitantes. 
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Cependant notre hypothèse est que les réactions chimiques à la surface sont rapides et que 
les espèces sont en équilibre chimique à la surface. Avec un équilibre chimique à la surface 
l’évacuation des produits de réaction et le transport de l’oxydant vers la surface du silicium 
restent comme étapes limitantes. Dans ce chapitre nous démontrons la validité de l’équilibre 
chimique à la surface du silicium. 

 

 
Figure II-1 Modèle de transfert de masse du procédé de purification 

1) Convection du silicium et du bore 
2) Diffusion du bore à travers une couche limite liquide 

3) Réaction du silicium avec des oxydants 
4) Diffusion des oxydants à travers une couche limite gazeuse 

5) Convection d’argon, d’hydrogène et d’oxydants 
6) Diffusion d’un aérosol de SiO2 et de HBO2 gazeux 

La variation relative de la vitesse de purification mesurée avec la fraction d’hydrogène et 
la température est très similaire à la variation relative de la pression partielle d’HBO à 
l’équilibre chimique. (Figure II-2, Figure II-3). Ceci montre que les concentrations à la surface 
du silicium sont en équilibre chimique. Si les réactions étaient l’étape limitantes, la vitesse de 
purification devrait augmenter avec la température (loi d’Arrhenius). Dans les mesures 
trouvées dans la littérature on voit que la vitesse de purification décroit avec la température. 
Ainsi, les réactions chimiques ne peuvent pas être l’étape limitante. 

Dans le chapitre II nous montrons aussi que l’atmosphère réductrice au dessus du 
silicium est très fine parce que la pression partielle de l’oxydant (O ou H2O) dans le jet de 
gaz est beaucoup plus grande que la pression partielle du silicium à la surface. Comme 
l’atmosphère réductrice est très fine, c’est l’atmosphère oxydante qui devient importante pour 
l’évacuation des produits de réaction. En atmosphère oxydante le silicium est oxydé en silice 
qui forme un aérosol en dessous d’environ 2000°C pendant que le bore reste sous forme 
d’une espèce gazeuse (HBO2). Le plasma a une température bien plus élevée (~8000K) 
mais à proximité de la surface du silicium la formation de silice est possible. Cependant on 
ne sait pas si cette formation (germination et croissance de germes) est suffisamment rapide 
pour que les concentrations soient à équilibre chimique. La formation de l’aérosol peut avoir 
un rôle important dans le procédé. La formation de l’aérosol peut expliquer pourquoi on 

5) Ar, H2, H2O, O, H 

4) H2O, O H 

2) B 

1) B, Si 

3) Réaction 
6) SiO2, HBO2 

Masse gaz 

Masse liquide 

Couche limite 
liquide 

Couche limite 
gazeuse 

Bain de silicium brassé 

Torche ICP, torche à arc ou buse (gaz froid) 

Surface 
du 
silicium 



D. Résumé français    

 238 

mesure un rapport B/Si plus élevé dans les gaz en sortie de réacteur que prédit par la 
thermodynamique. 
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Figure II-2 Variation relative de la pression 
partielle d’HBO à l’équilibre chimique et de 
la vitesse de purification mesurée avec la 
température : [NT12] en jet de gaz froid, 

[BHY95] et [IHL11] avec un plasma 

 Figure II-3 Variation relative de la pression 
partielle d’HBO à l’équilibre chimique et de la 
vitesse de purification mesurée [NT12] avec 

la fraction d’hydrogène dans le gaz 

 

III. Techniques spectroscopiques pour la 
caractérisation du plasma 

Par un calcul d’équilibre chimique nous pouvons montrer que les éléments sont sous 
forme atomique (Ar, O, H) dans le plasma. Nous développons ainsi une méthode de 
caractérisation de la température et des rapports O/Ar et H/Ar. 

Cette méthode est basée sur la spectroscopie d’émission. Nous utilisons l’émissivité des 
raies atomiques pour calculer la température et les rapports de concentration. L’émissivité 
d’une raie est donnée par la formule (III-1). L’émissivité d’une raie atomique dépend de la 
température, de la concentration de l’élément et de quelques constantes de la raie que l’on 
peut récupérer dans la base de données de spectres atomiques du NIST [nis]. 
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En mesurant l’émissivité d’une raie d’argon on peut calculer la température du plasma 
parce que sa concentration est connue (la fraction d’argon est proche de 100%). Avec le 
rapport des émissivités entre une raie d’hydrogène et une raie d’argon on peut ensuite 
calculer le rapport de concentration H/Ar. Le calcul du rapport O/Ar est équivalent. 

Il faut prendre en compte quelques critères pour le choix des raies. Pour mesurer une 
seule raie il faut éviter les raies trop intenses qui peuvent être auto-absorbées. Il faut aussi 
éviter l’interférence de deux raies à la même longueur d’onde. 

Pour mesurer deux raies en même temps il faut choisir deux raies avec des longueurs 
d’onde proches pour être dans la bande passante du spectromètre (le spectre doit être 
entièrement sur la caméra ccd du spectromètre). En plus les deux raies doivent avoir des 
intensités similaires, sinon la dynamique de la caméra CCD limite la mesure. 
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Les raies atomiques choisies sont présentées dans le Tableau III-1. Les premières 
mesures ont été faites avec un spectromètre équipé d’ un photomultiplicateur (PM). Cet 
instrument peut mesurer seulement une raie atomique à la fois. Nous avons par la suite fait 
des mesures avec un spectromètre avec caméra CCD qui permet de mesurer plusieurs raies 
en même temps. Nous avons sélectionné des raies d’argon plus intenses pour des valeurs 
élevées de H/Ar ou O/Ar.  

 
CCD PM 

Bas [O]/Ar Haut [O]/Ar Bas [H]/Ar Haut [H]/Ar Tout 
O 645.6 nm O 645.6 nm H 410.2 nm H 410.2 nm O 436.8 nm, H 486.1 nm 
Ar 638.5 nm Ar 641.6 nm Ar 416.4 nm Ar 415.9 nm Ar 420.0 nm, 415.9 nm 

Tableau III-3  Les raies sélectionnées 

III.1.1. La fonction de transfert des monochromateurs 
Nous avons calculé les fonctions de transfert des deux monochromateurs utilisés dans notre 
étude (élargissement instrumental). Nous trouvons une bonne coïncidence entre la fonction 
de transfert simulée et la fonction de transfert mesurée. Cette comparaison valide la 
simulation de la fonction de transfert. La connaissance de la fonction de transfert et très 
importante pour la  mesure de l’émissivité avec un monochromateur qui est équipé avec un 
photomultiplicateur. Le photomultiplicateur mesure seulement l’intensité à une longueur 
d’onde à la fois. Avec la connaissance de la fonction de transfert on peut calculer l’émissivité 
totale d’une raie à partir de l’émissivité spectrale à la longueur d’onde centrale de la raie. 
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Figure III-1 Spectres mesuré et simulé à 
352.1 nm 

 f=640 mm, Fente= 90 µm, 
k=2400 mm-1, D=10 mm, く=13.2° 

 Figure III-2 Spectres mesuré et simulé à 
641 nm, f=750 mm, k=1800 mm-1,  

Pixel  = 20 µm, Fente= 90 µm, D=7 mm, 
そ=415 nm, く=6.49° 

 

III.1.2. Elargissement Doppler et Stark 
Pour le calcul de l’émissivité des raies d’hydrogène il faut prendre en plus en compte 
l’élargissement de la raie, alors que cet élargissement est petit pour les raies d’argon et 
d’oxygène par rapport à l’élargissement instrumental. L’élargissement des raies d’hydrogène 
est principalement dû aux effets Doppler et Stark. L’élargissement Doppler donne un profil 
Gaussien à la raie et l’élargissement Stark donne un profil Lorenzien. Le cumul des deux 
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élargissements donne une convolution du profil Gaussien et du profil Lorenzien. Cette 
convolution a le nom de fonction de Voigt. Le profil mesuré est une convolution de la fonction 
de Voigt de la raie et de la fonction de transfert du monochromateur (Figure III-3)  
 

  

III.1.3. Mesure de la densité électronique 
Gigisos et al. [GGC03] donnent la formule (III-2) pour la relation entre la largeur à mi-hauteur 
(FWHM – Full width at half maximum) de la raie H-Beta. On peut ainsi calculer la densité 
électronique à partir de la largeur à mi-hauteur mesurée. Nous appliquons cette méthode à 
la raie H-Delta en utilisant une formule de Griem [Gri64]. La Figure III-4 montre le profil radial 
de la largeur à mi-hauteur de la raie H-Delta mesuré dans le plasma. La Figure III-5 montre 
le profil radial de la densité électronique calculé à partir du profil de la Figure III-4. 
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Figure III-4 Profil radial de la largeur à mi-
hauteur de la raie H-Delta 

 Figure III-5 Profil radial de la densité 
électronique calculé à partir de la largeur à 

mi-hauteur de la raie H-Delta 

Profil Lorenzien   
Profil Gaussien 
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Figure III-3 Convolution des différents effets d’élargissement 
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III.1.4. Inversion d’Abel 
On mesure la lumière qui sort du plasma. Cette lumière est l’intégrale de l’émissivité à 

travers le plasma. On cherche à mesurer l’intensité d’une fine corde d’observation. Si on 

mesure cette intensité pour plusieurs positions y, on obtient un profil d’intensité. Un 
algorithme appelé inversion d’Abel peut être utilisé pour calculer l’émissivité à partir du profil 
d’intensité. Cet algorithme est seulement valable si les profils d’émissivité sont 
axisymétriques. 

 

Figure III-6 Inversion d’Abel 
Le cercle remplace le plasma 
La flèche bleue indique la 
corde d’observation 

 

 

La mesure de l’émissivité absolue d’une raie d’argon permet de calculer la température. 
La mesure du rapport d’intensité entre une raie d’argon et une raie d’hydrogène ou 
d’oxygène permet quant à elle de calculer les rapports de concentration [H]/[Ar]  et [O]/[Ar]. 

L’élargissement spectral joue un rôle particulièrement important sur la précision des mesures 

de l’émissivité sur un monochromateur équipé d’un photomultiplicateur, ce dernier ne 
pouvant mesurer une émissivité spectrale à la fois. Nous avons pu démontrer que nous 

pouvions simuler précisément la fonction de dispersion des deux monochromateurs utilisés 

au cours de cette étude. L’élargissement Stark peut être utilisé pour mesurer la densité 
électronique et valider l’hypothèse de l’équilibre thermique local et ainsi valider les mesures 
de température. 

L’inversion d’Abel peut être utilisée pour calculer l’émissivité radiale (W/m3) à partir d’un 
profil latéral d’intensité (W/m2). L’algorithme utilisé pour l’inversion d’Abel a été évalué avec 
une fonction de test, ce qui nous a permis de mettre en évidence que l’inversion d’Abel 
amplifie le bruit sur le profil latéral d’intensité. Un lissage polynomial peut cependant 
permettre de réduire ce bruit. 

Dans le chapitre suivant IV nous présentons les moyens expérimentaux utilisés pour la 

génération du plasma et pour la mesure de l’émissivité. La chapitre V présente quant à lui 
les résultats des mesures spectroscopiques. 
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IV. Les dispositifs expérimentaux 

IV.1. La torche à plasma 

 
Figure IV.1 Géométrie de la torche à plasma 

La torche à plasma consiste en trois tubes concentriques. Dans la petite section entre le 
tube extérieur et le tube intermédiaire un grand flux de gaz (flux périphérique ou outer flow) 
est injecté. Ce flux de gaz confine le plasma. Le flux de gaz du tube central (inner flow) est 
injecté à l’intérieur de plasma et ne modifie pas la composition du plasma dans les zones où 
le plasma couple avec le champ électromagnétique. L’hydrogène, qui modifie fortement le 
couplage quand il est injecté dans le flux périphérique, doit être injecté préférentiellement 
dans le flux central. 

 

IV.2. Le système optique 
La Figure IV.2 montre un dessin de l’installation optique utilisée pour les mesures 

spectroscopiques avec le monochromateur avec CCD. La lumière du plasma est réfléchie 
par deux miroirs en direction du monochromateur. Une lentille projette la lumière du plasma 
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sur la fente d’entrée du monochromateur. L’image est tournée par les deux miroirs de 90°. 
L’image du cylindre vertical (qui représente le plasma) est ainsi horizontale. La fente d’entrée 
verticale mesure une coupe horizontale du plasma. Comme les miroirs sont motorisés on 
peut faire un balayage vertical et cartographier tout le plasma. Un programme Labview est 
utilisé pour faire les mesures et le même programme fait aussi le traitement de données pour 
obtenir la carte de température et la carte des rapports de concentration O/Ar et H/Ar.  

 

IV.3. Autres éléments du chapitre 4: 
Nous présentons le générateur et nous présentons une mesure de l’efficacité de 

couplage entre le générateur et le plasma. L’efficacité du couplage est un paramètre qui est 
important pour le modèle numérique du plasma (CFD, computational fluid dynamics model). 
Les débitmètres sont présentés et nous analysons leur précision. Nous examinons le 
système optique. Les spectres mesurés doivent être corrigés pour annuler l’effet de la non-
uniformité de la fente d’entrée et pour annuler l’effet de la non-uniformité de la réponse de la 
camera CCD. Nous présentons le traitement de données utilisé pour calculer des profils 
radiaux de température et de rapport de concentration à partir des spectres 2D de la caméra 
CCD. Nous identifions la lumière diffuse comme source d’erreur et nous expliquons 
comment on peut réduire la quantité de lumière diffuse. Nous expliquons comment nous 
calibrons le système optique avec une lampe de calibration. La calibration absolue permet 
de mesurer l’émissivité absolue à partir de laquelle on peut calculer la température. 

 
Figure IV.2 Le système optique pour les mesures avec monochromateur avec CCD 

Lentille 

Plasma 

Monochromateur 
avec CCD 

Miroirs 
Fente 
d’entrée 
verticale 

10 cm 



D. Résumé français    

 244 

 

V. Mesures spectroscopiques 

V.1. Validation de la méthode 

 

 
 Figure V-1 Mesures de validation, mélange homogène de [H2]/[Ar]=0.02 

A gauche : Rapport entre la densité électronique mesuré avec l’élargissement de la raie H-
Delta et la densité électronique calculé avec l’équation de Saha 

A droite : Rapport entre le rapport H/Ar mesuré et le rapport H/Ar injecté. 

Comme la méthode utilisée dans cette étude est peu appliquée dans la littérature nous 

faisons plusieurs expériences pour la valider. Des mesures de validation ont montré que le 

plasma est très proche de l’équilibre thermodynamique local ce qui est nécessaire pour la 
validation de la mesure de concentration et de température. La Figure V-1 montre un des 

résultats principaux des mesures de validation. La mesure de la densité électronique avec 

deux méthodes montre que dans la plus grande zone du plasma  les deux méthodes 

mesurent la même valeur. Ceci montre que le plasma est en équilibre thermodynamique 

local. En bas les mesures sont perturbées par des fluctuations. Les fluctuations perturbent 

aussi la mesure du rapport de concentration H/Ar. En haut la mesure de la densité 

électronique n’est pas perturbée. La concentration plus élevée  mesurée en haut au bord 

n’est donc probablement pas due à une perturbation mais plutôt due à la démixtion dans la 

zone de couplage. La démixtion est un effet qui pousse un gaz moléculaire dans un gradient 

de température autour de la température de dissociation vers la température froide parce 

que le molécules ont un coefficient de diffusion plus faible que les atomes. 

En moyenne le rapport de concentration mesuré est proche au rapport de concentration 

injecté. Ceci valide la mesure du rapport de concentration. La différence d’environ 25% entre 
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le rapport mesuré et le rapport injecté est probablement dûe à l’imprécision de 25% sur la 
probabilité de transition de la raie d’Argon. 
Le rapport moyen entre les deux mesures de la densité électronique qui est proche de l’unité 

indique que la précision sur la mesure de température est ±300 K 

V.2. Comparaison modèle expérience 

 
 Figure V-2 Comparaison entre modèle et mesure avec les deux modèles de turbulence k-i 

et k-の-sst 

La Figure V-2 montre la comparaison entre modèle et mesure. Le modèle k-i était utilisé 

auparavant pour la simulation de la turbulence. Le plasma simulé refroidit plus rapidement 

que le plasma mesuré. Ceci est probablement dû à une surestimation de la diffusion 

turbulente dans le modèle k-i. La diffusion turbulente plus élevée fait que la chaleur du 

plasma diffuse plus que dans le plasma réel. Pour cette raison nous avons remplacé le 

modèle de turbulence k-i par le modèle k-の-sst. On peut voir dans la Figure V-2 que la carte 

de température simulée avec ce modèle de turbulence est similaire à la carte de température 

mesurée. Cette comparaison, parmi d’autres,  montre que le modèle peut précisément 

simuler le plasma. 

V.3. Autres éléments du chapitre 5: 

Des mesures paramétriques ont montré que la puissance plasma a un effet significatif sur la 

température du plasma. L’hydrogène diffuse plus que l’oxygène et il est en général bien 

dilué. L’oxygène ne diffuse que lentement vers l’extérieur du plasma quand on l’injecte au 
centre du plasma. Pour obtenir une concentration homogène il est préférable d’injecter 
l’oxygène à l’extérieur et l’hydrogène à l’intérieur. 
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VI. Autres mesures de caractérisation du plasma 
 

VI.1. Mesures de vitesse 
Nous avons testé une méthode de mesure de vitesse dans le plasma. Pour cela nous avons 
filmé le plasma avec une caméra rapide. Dans les films nous avons mesuré la propagation 
de fluctuations le long du plasma. 
 

 
Figure VI.1 Comparaison entre une 
carte de vitesse simulée (a) et une 

carte de vitesse mesurée (b)  

Dans la Figure VI.1 nous comparons une carte de vitesse mesurée à une carte de 
vitesse simulée. La zone à grande vitesse (60 m/s) que nous mesurons en-dessous de la 
sortie de la torche ne peut pas être observée dans la carte de vitesse simulée. Ceci indique 
que la mesure n’est pas exacte dans cette zone. L’erreur est probablement due à 
l’intégration de la lumière à travers le plasma. Plus en aval le modèle et la mesure indiquent 
une vitesse plus élevée au centre et plus basse au bord du plasma. La vitesse dans le 
modèle est plus élevée, ce qui peut être dû à une puissance plasma plus élevée dans le 
modèle. 

Les erreurs de mesure sont trop grandes pour utiliser ces mesures pour la validation du 
modèle. La sonde enthalpique [RSB95] est probablement mieux adaptée pour mesurer la 
vitesse et pour valider le modèle. 

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
8

0
v
 [m

/s
]

S
é
r
ie

1

17 cm
 

a) b) 



                                                                                                                  D. Résumé français 

 247 

 

VI.2. Le couplage 
Le coefficient de couplage est un paramètre important pour l’utilisation de la torche à plasma. 
Si le coefficient de couplage est petit il faut utiliser une plus grande tension pour injecter la 
même puissance. Le coefficient de couplage détermine l’impédance du circuit oscillant 
(formé par le boitier de condensateurs et l’inducteur de la torche à plasma). En variant la 
valeur de la capacité on peut adapter l’impédance du circuit oscillant. Si l’impédance est 
adaptée on peut obtenir le courant maximal à la tension maximale. Si l’impédance n’est pas 
adaptée on peut seulement obtenir une partie de la puissance maximale du générateur. 

Nous démontrons que le coefficient de couplage dépend surtout de la taille du plasma 
qui à son tour dépend de la conductivité thermique des gaz. Les gaz avec une grande 
conductivité thermique comme l’hydrogène devraient être injecté dans l’injecteur, ou ils ne 
modifient pas le couplage. Injecté dans le débit extérieur l’hydrogène réduirait le coefficient 
de couplage et augmenterait ainsi l’impédance. Le débit intermédiaire devrait être de l’argon 
pur parce que l’oxygène et l’hydrogène réduiraient fortement le coefficient de couplage. 
L’injection de l’oxygène modifie le couplage mais les variations restent suffisamment faibles 
pour permettre l’utilisation du plasma à la puissance maximale du générateur. 

Pendant les mesures nous avons observé un mode à faible couplage. Dans ce mode à 
faible couplage l’impédance du circuit oscillant est élevée et réduit fortement la puissance 
maximale que le générateur peut fournir. Ce mode de faible couplage peut apparaitre dans 
les mêmes conditions de fonctionnement que le couplage normal (voir Figure VI.2 et Figure 
VI.3). Pour les procédés il est important d’employer la torche à plasma dans des conditions 
où la transition de mode ne peux pas apparaitre, car la transition du couplage normal vers le 
faible couplage modifie fortement les propriétés du plasma. 

 

 
Figure VI.2 Le deux modes de couplage à la même tension et les mêmes débits de gaz dans 

une petite torche a) normale, b) bas couplage 
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Figure VI.3 Variations du courant et de la fréquence avec le débit intermédiaire d’oxygène 

A+B couplage normal ; C+D faible couplage  

 
 

VII. Mesure de la vitesse de purification 

VII.1. Mesure du facteur d’enrichissement 

 H2O+H2 

Fraction 

Température 
du 

silicium 
Plasma expR  thermoR  thermoRR /exp  

[Fou03] 5 % 1410 °C X 136 15 9 
[NBS04] 2.5 % 1600-1700 °C X 36 5.5 7 
[NT12] 3.2 % 1500 °C  >11* 6 >2 
Tableau VII-1 Comparaison entre facteur d’enrichissement mesuré et facteur 

d’enrichissement thermodynamique (* limite basse dû au flux de vapeur d’eau) 

Nous avons calculé le facteur d’enrichissement thermodynamique pour les conditions 
opératoires (fraction d’hydrogène et températures de silicium) correspondant à plusieurs 
mesures de la littérature ([NBS04], [NT12]) et de notre groupe [Fou03]. Les facteurs 
d’enrichissement sont présentés dans le tableau VII-1. Pour la mesure de [Fou03] nous 
avons mesuré le facteur d’enrichissement avec deux méthodes différentes. Nous avons 
utilisé d’un coté le rapport B/Si du signal ICP et la concentration du bore dans le silicium. 
D’un autre coté nous avons utilisé le temps de demi-vie de la concentration de bore dans le 
bain et le flux d’oxygène qui arrive à la surface. Avec les deux méthodes nous trouvons un 
facteur d’enrichissement similaire qui est bien plus élevé que le facteur d’enrichissement à 
l’équilibre chimique. Les mesures de [NBS04] montrent aussi un facteur d’enrichissement 
plus élevé qu’à l’équilibre chimique. La mesure de [NT12], par contre, est peu différente de 
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l’équilibre chimique. Le facteur d’enrichissement est probablement plus élevé dans [Fou03] 
et [NBS04] parce que le plasma modifie l’évacuation de l’aérosol de SiO2. 

VII.2. Vérification de la méthode de mesure 
Une pompe péristaltique prélève un débit constant des gaz en sortie du réacteur. Ce gaz 

prélevé est envoyé dans un analyseur ICP commercial (Spectro). Dans le plasma de 
l’analyseur ICP les composé de silicium et de bore sont dissociés et excités. Le bore 
atomique et le silicium atomique émettent ainsi des photons avec la longueur d’onde des 
raies atomiques. L’émission de ces raies atomiques dépend de la concentration des 
éléments dans le gaz. Un spectromètre mesure l’intensité des raies atomiques. Ce signal est 
proportionnel à la concentration des éléments dans les gaz en sortie. La concentration de 
bore dans les gaz en sortie est proportionnelle à la vitesse de purification mais aussi à la 
concentration de bore dans le bain de silicium. Le signal de bore est ainsi aussi proportionnel 
à la vitesse de purification. La vitesse de purification est un paramètre crucial du procédé. 
Avec notre mesure nous pouvons faire varier des paramètres du plasma et mesurer 
comment la vitesse de purification varie. Nous pouvons ainsi mesurer la dépendance de la 
vitesse de purification en fonction de plusieurs paramètres. 

Dans une première mesure nous mesurons la décroissance de la concentration du bore 
dans le silicium. Nous mesurons la décroissance sur le signal ICP en prenant le rapport B/Si 
et nous mesurons la décroissance de la concentration du bain avec des prélèvements du 
silicium liquide. Sur les deux mesures nous observons une décroissance exponentielle avec 
le même temps de demi-vie. Nous validons ainsi que la purification suit une cinétique de 
premier ordre et que le signal ICP mesure bien les concentrations des éléments. 

VII.3. Interaction du bore avec autres impuretés 
Nous avons mesuré le temps de demi-vie de la concentration de bore sur une charge de 

silicium électronique et avec les mêmes paramètres sur une charge de silicium 
métallurgique. Les deux temps de demi-vie divisés par la masse de silicium sont identiques. 
Cette observation montre que les autres impuretés n’ont pas un effet significatif sur la vitesse 
de purification. Les interactions entre les autres impuretés et le bore sont faibles. 

VII.4. Etude paramétrique 
Nous avons mesuré la vitesse de purification en faisant varier différents paramètres. Ici 

nous allons montrer une petite synthèse de l’influence de différents paramètres : 
La puissance MF du creuset: La variation de la puissance creuset induit une variation 

lente du signal de bore. L’augmentation de la puissance creuset fait décroitre le signal de 
bore. La vitesse de purification est ainsi plus basse quand la puissance creuset est plus 
élevée. La puissance creuset fait varier le brassage d’une coté et la température de silicium 
de l’autre coté. Comme le signal de bore varie lentement la variation de la vitesse de 
purification est probablement due à la variation de la température du silicium. La variation du 
brassage est immédiate et devrait ainsi induire une variation abrupte du signal de bore. La 
diminution de la vitesse de purification avec l’augmentation de la température du silicium est 
en accord avec un équilibre chimique à la surface du silicium. 

La puissance plasma : Dans la gamme de 25 kW à 45 kW nous observons seulement 
une petite variation du signal de bore. A 20 kW le signal de bore est beaucoup plus faible. La 
vitesse de purification est ainsi plus faible à 20 kW. 

La distance entre creuset et torche : Le signal de bore varie seulement très peu entre 
la distance minimale (30 mm) et la distance maximale (80 mm). Dans la gamme explorée 
l’effet de la distance est donc pas significatif. 
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La concentration d’hydrogène : Le signal du silicium varie très peu avec la 
concentration d’hydrogène qui a été varié entre 0% et 6%. Le rapport de B/Si augmente avec 
la concentration d’hydrogène et varie approximativement avec la racine de la concentration 
d’hydrogène comme prédit par l’équilibre chimique à la surface du silicium 

VII.5. L’aérosol 
Nous avons fait une mesure qui donne du poids à l’hypothèse que la formation d’un 

aérosol est responsable pour le rapport B/Si plus élevé par rapport à l’équilibre chimique. 
Dans cette mesure nous soufflons d’abord un plasma d’argon pur sur une charge de 

silicium dans un creuset en silice. Ensuite nous ajoutons 1% d’oxygène au plasma. 
L’atmosphère au-dessus du silicium est d’abord réductrice et ensuite oxydante. 
L’atmosphère oxydante peut faciliter la formation de l’aérosol parce que l’oxygène peut 
oxyder le SiO qui est formé à la surface du silicium. 

La Figure VII-1 montre le signal de bore et du silicium et leur rapport pendant la mesure. 
Tout d’abord,  avec un plasma d’argon pur, nous observons un signal de silicium. Ceci est 
probablement dû à l’oxydation du silicium par l’oxygène du creuset en silice. Quand 
l’oxygène est ajouté au plasma le signal de silicium augmente parce que le flux d’oxygène 
est plus élevé. Le rapport B/Si augmente aussi, bien que l’oxygène ne décale pas l’équilibre 
entre les produits HBO et SiO. L’augmentation du rapport B/Si es ainsi probablement due à 
une évacuation plus faible du SiO causée par la formation d’un aérosol de SiO2 dans la 
couche limite qui est en atmosphère oxydante. 
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Figure VII-1 Variation du signal de bore et du silicium avec le temps. 
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VII.6. Formation d’une couche de silice 
La vitesse de purification est proportionnelle à la concentration d’oxygène dans le 

plasma. Au dessus d’un seuil une couche de silice se forme sur la surface de silicium. Cette 
couche forme une barrière entre le plasma et le silicium et réduit ainsi la vitesse de 
purification. Nous avons mesuré la concentration d’oxygène à partir de laquelle la couche de 
silice se forme pour différents températures de silicium et pour différents débits de gaz. 
Quand on augmente la température de silicium la concentration d’oxygène maximale (pour 
éviter la couche de silice) croit de façon exponentielle. Pour un débit plus élevé la 
concentration maximale est plus basse. 

La vitesse de purification croît avec la concentration d’oxygène et décroit avec la 
température. Ainsi on ne peut pas dire exactement si la purification à une température de 
silicium plus élevée et une concentration d’oxygène maximale élevée est plus rapide qu’à 
une température plus basse. 
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VIII. Conclusion générale 
Nous voulons souligner encore une fois les résultats importants de cette thèse. Avant ce 

travail on pensait que les réactions chimiques à la surface du silicium n’étaient pas en 
équilibre et que l’oxydation du bore constituait l’étape limitante. Dans ce travail nous avons 
proposé l’hypothèse que les réactions chimiques à la surface du silicium sont en équilibre et 
qu’ainsi le transport de l’oxygène vers la surface et l’évacuation des produits de réaction 
déterminent la vitesse de purification. La comparaison entre des mesures et des données de 
la littérature renforce cette hypothèse. Avec cette nouvelle théorie l’évacuation des produits 
de réaction devient importante. Nous avons ainsi analysé l’oxydation du silicium. La 
formation d’aérosol peut expliquer pourquoi le rapport B/Si mesuré est plus élevé que celui 
calculé par la thermodynamique. 

Le résultat principal des mesures spectroscopique est l’amélioration d’un modèle 
numérique. Auparavant le modèle de turbulence k-i a été utilisé mais les cartes de 
température simulées étaient très différentes des cartes de température mesurées. Nous 
avons ainsi remplacé le modèle k-i par le modèle k-の-sst. Avec le modèle k-の-sst les cartes 
de température simulées étaient très similaires aux cartes de température mesurée. Nous 
pouvons ainsi conclure que le modèle simule bien le plasma et peut être utilisé pour trouver 
d’autres paramètres que la vitesse de purification. 

Avec ces deux résultats nous nous approchons de l’objectif d’un modèle qui peut simuler 
la vitesse de purification. Avec un tel modèle on pourrait plus facilement optimiser le 
procédé. 
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Abstract 
The plasma refining process studied in this work can efficiently remove boron from 
silicon. In combination with other processes one can purify silicon for solar cells at 
low costs. The hot gases from the thermal plasma torch are blown onto the surface of 
a silicon melt. However the chemistry at the silicon surface is so far poorly 
understood. For a better understanding of the process we do parametric 
measurements of the boron removal rate, we calculate the chemical equilibrium 
concentrations and we measure the temperature and radical concentrations in the 
plasma, using emission spectroscopy. 
The comparison of boron removal rates from literature to calculated chemical 
equilibrium concentrations shows that the chemical reactions at the silicon surface 
are probably at chemical equilibrium. However, the boron to silicon ratio in the 
exhaust gases is higher than predicted by the chemical equilibrium calculations. This 
is probably due to the formation of a silica aerosol in the reactive boundary layer. The 
results of the parametric measurements of the boron removal rate agree also with 
this theory. 
Several validation experiments showed that emission spectroscopy with Abel 
inversion can be used to measure the temperature and the concentration ratios O/Ar 
and H/Ar in the plasma. The spectroscopic results helped to improve significantly a 
numerical mode. The results also showed that hydrogen diffuses strongly in the 
plasma while oxygen diffuses much less. 
 
 
 
 
Résumé 
Le procédé de purification par plasma, étudié dans ce travail, peut efficacement 
enlever le bore du silicium. En combinaison avec d’autres procédés on peut ainsi 
purifier du silicium pour des cellules solaires à bas coûts. Cependant, la chimie à la 
surface du silicium est encore mal comprise. Pour une meilleure compréhension du 
procédé nous effectuons des mesures paramétriques de vitesse de purification, nous 
calculons l’équilibre chimique et nous mesurons la température et la concentration 
des radicaux dans le plasma, utilisant la spectroscopie d’émission. 
La comparaison entre des vitesses de purification de la littérature et des 
concentrations à l’équilibre chimique calculé montre que les réactions chimiques à la 
surface du silicium sont probablement en équilibre. Cependant, le rapport entre le 
bore et le silicium dans les gaz en sortie du réacteur est plus élevé que prédit par les 
calculs de l’équilibre chimique. Ceci est probablement dû à la formation d’un aérosol 
de silice dans la couche limite réactive. Les résultats des mesures paramétriques de 
la vitesse de purification sont en accord avec cette théorie. 
Plusieurs expériences de validation montrent que la spectroscopie d’émission peut 
être utilisé pour mesurer la température et les rapports de concentration O/Ar et H/Ar 
dans le plasma. Les résultats des mesures spectroscopiques ont aidé à améliorer de 
façon significative un modèle numérique. Les résultats ont montré que l’hydrogène 
diffuse fortement dans le plasma tandis que l’oxygène diffuse beaucoup moins. 
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