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This master internship report describes modelling and experimental investigations of reactive plasma 

species in spatial plasma enhanced atomic layer deposition of alumina. Transport, gain, and loss 

processes of reactive plasma species in an O2-N2 plasma environment are treated and discussed in 

detail. The basic model includes various parameters concerning generation of reactive plasma species 

and includes ALD surface reactions regarding the formation of alumina layers by oxygen radicals. 

Experiments to measure the ozone concentration, plasma power, and temperature are used to 

calibrate the model parameters and assumptions. The model is used for a sensitivity analysis provides 

in-depth knowledge and insight into the influence of geometrical and gas parameters on the effective 

radical fluxes. 

 
Introduction 

Atomic Layer Deposition (ALD) is a thin film deposition technique with a fast growing application area. 

ALD films are extremely dense and highly conformal (entirely covering three dimensional surface 

structures). ALD thin films are already applied for surface passivation of silicon based solar cells. 

Scaling-up spatial ALD technology is expected to enable high throughput manufacturing of thin solar 

cells on flexible foils. In thermal ALD generally a metal organic precursor is combined with water as 

the co-reactant. Replacing the (thermal) water reaction by a plasma activation reaction using O2-N2 

gas mixtures allows for reduced process temperatures (cheaper foils) and increasing process speed.   

TNO Holst and Solliance developed a spatial plasma enhanced ALD device to grow various types of 

materials for solar cells.  Application examples are Al2O3 for water vapor barriers (reduce solar cell 

degradation) and transparent conductive oxides such as InOx:H for improved optical bandwidth. This 

work will be limited to the improvement of Al2O3 growing conditions by oxygen radicals produced in 

O2-N2 plasmas.  

Al2O3 is a suitable test case because it has many applications and much is known from thermal ALD 

and (conventional) low pressure plasma enhanced ALD about this material. More insight is needed in 

process conditions such as, for example, the nitrogen gas flow rate being an operational cost factor. 

Preceding this internship an initial basic model for transport, gain, and loss processes of oxygen 

radicals in O2-N2 plasma was available at TNO but the available model was not yet in agreement with 

practical experimental conditions and results. 

In this internship project, the initial task has been to perform experimental investigations to 

characterize the plasma sources developed for plasma enhanced spatial ALD and to use those 

experimentally for model calibration. During the project it appeared possible to set-up an improved 

model which includes various processes such as radical diffusion, temperature dependent chemical 

kinetics and surface chemistry in a more realistic way. 

A higher flux of oxygen radicals is needed to improve quality and production times for Al2O3 layers. An 

integrated fluid dynamics chemical kinetics model is set up using Comsol Multiphysics to gain insight 

in the transport, gain, and loss processes of oxygen radicals. Model parameters and assumptions are 

calibrated by measuring ozone concentrations, plasma power, and gas temperatures. A sensitivity 

analysis is done to investigate the influence of various model parameters on the oxygen radical flux. 

More in-depth investigations are done on the oxygen radical flux for deposition of alumina, the O2-N2 

chemistry, and etch patterns of nitrogen radicals to further investigate the transport of radicals in the 

gas flow.   
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Background 
Discharges in a Plasma 

THE FOURTH STATE OF MATTER 

Matter can be classified in terms of four states of aggregation: solid, liquid, gas, and plasma. The 

difference between these states is that the binding forces between species decreases. If sufficient 

energy is provided, a molecular gas will dissociate into an atomic gas as a result of collisions between 

those particles whose thermal kinetic energy exceeds the molecular binding energy. In plasmas the 

kinetic energy is high enough to liberate the outermost electrons of the atoms, and an ionized gas, or 

plasma, results. The free electrons and ions make plasmas electrically conductive, internally active, 

and strongly responsive to electromagnetic fields. An ionized gas is usually called a plasma when it 

contains a significant amount of charged particles, sufficient to affect its electrical properties and 

behavior while the total sum of positive and negative particles remains neutral. An estimated 99% of 

all visible matter in the universe is in the plasma state. On earth plasmas occur naturally, for example 

as lightning, but are also frequently used in industrial processes. Examples of applications are fusions 

reactors, biomedical applications, gas discharge lamps, and processes for the deposition of various 

layers [1] [2]. 

STREAMER BREAKDOWN MECHANISM 

A plasma can be initiated in two ways, the Townsend breakdown mechanism and the streamer 

breakdown mechanism. The Townsend breakdown mechanism generally occurs at low pressures and 

will not be treated since all experiments in this work are done at atmospheric pressure. At higher 

pressure, a much higher electron-molecule collision rate occurs and the streamer breakdown 

mechanism dominates, and will be discussed in detail. 

The application of an electric field, E0, to a gas flowing through a plane gap between the two electrodes 

accelerates electrons towards the anode, ionizing the gas and generating the primary electron 

avalanche on the way. The primary avalanche generates more electrons, ions, and photons. The 

electrons are in the head of the avalanche while the positive ions remain behind, creating a dipole, 

figure 1. A space charge electric field, E’, is induced by the dipole [1].  

 

Figure 1 – Schematic view of an avalanche: a) The distribution of charge in an avalanche; b) External and space charge  
electric fields are shown separately; c) Total electric field [1] 

In front of the avalanche head (and behind the avalanche) the external electric field, E0, and space 

charge electric field, E’, add up making the total field stronger, which increases local ionization, 
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creating secondary electron avalanches which merge with the primary one and increase the local field 

even more. Eventually, the space charge field becomes comparable to the external electric field 

(Meeks criterion) and the avalanche-to-streamer transformation takes place. New avalanches grow in 

the high field regions, and a self-propagating structure emerges: a streamer. 

If the gap is short, the transformation to a streamer will only occur when the avalanche reaches the 

anode (the transition can also start somewhere in the middle of the gap if the gap and fields are large 

enough). The streamer will grow from anode to cathode, and is therefore called the cathode-directed 

streamer, or positive streamer. High energy photons created by the primary avalanche initiate 

secondary avalanches by photo-ionization in the vicinity of the primary avalanche. Electrons of the 

secondary avalanches are pulled into the ionic trail of the primary one and create a quasi-neutral 

plasma channel. The cathode-directed streamer starts near the anode where the positive charge and 

the electric field of the primary avalanche is highest. The streamer is a thin conductive needle-like 

channel and grows towards the cathode, figure 2. The very high electric field at the tip of the needle 

provides electron drift and streamer growth velocities about 108 cm/s [1]. 

 

Figure 2 – Illustration of the propagation of a cathode-directed streamer [1] 

For larger gaps, the anode-directed streamer, or negative streamer, occurs if the primary avalanche 

becomes strong before reaching the anode. Such a streamer grows in both directions. The mechanism 

of propagation is similar to that of the cathode-directed streamer, figure 3. But in this case, the 

electrons from the primary avalanche neutralize the ionic trail of the secondary avalanches. Here, the 

secondary avalanches could, apart from photons, also be initiated by electrons moving in front of the 

primary avalanche. 
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Figure 3 – Illustration of the propagation of an anode-directed streamer [1] 

When the streamer channel connects the electrodes, it forms a conducting channel of weakly ionized 

plasma. An intensive electron current will flow through the channel and forms a spark. After a while 

the gas temperature increases and the spark turns into an arc.  

THE DIELECTRIC BARRIER DISCHARGE 

If at least one of the electrodes is covered by a dielectric material, the discharge mechanism works 

different and is called a dielectric barrier discharge (DBD). A DBD is a form of non-thermal, non-

equilibrium plasma that can be operated at atmospheric pressures. A DBD operates by applying an 

oscillating electric field, usually 0.05-500 kHz, to a gas flowing between two electrodes of which at 

least one is covered with a dielectric. A multitude of gasses can be used including air, nitrogen, oxygen, 

and hydrogen. Multiple configurations of the DBDs are possible like the planar, cylindrical, and plasma 

jet configuration [1] [3].  

When the streamer connects the two electrodes in a DBD, the intensive electron current will only flow 

through the plasma channel until the local electric field collapses, which is caused by charge 

accumulation on the dielectric surface and ionic space charge since ions are too slow to leave the gap 

during this process. Ion residence times are typically 1 µs in a 0.1 mm gap, while the weakly ionized 

plasma channel duration is in the order of 30 ns. The totality of processes, initiated by an electron 

avalanche up until the collapse of the local electric field is called a micro-discharge [1] [4].  

After the local electric field collapses, the plasma in the micro-discharge channel is dominated by 

electron-ion and ion-ion recombination. The remaining chemical reactive atoms and molecular 

fragments (many of them are in a vibrational and electronic excited state), and ionic charges on the 

dielectric surface and in the channel volume, can be called a micro-discharge remnant. The remnant 

prevents new avalanches and streamers from forming nearby until the cathode and anode are 

reversed. Every time the polarity of the applied voltage is reversed, the micro-discharge remnant 

facilitates formation of new micro-discharges in the same spot, this can be observed as a bright 

spatially localized filament. 
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Figure 4 – A 5 x 5 cm phosphor image of micro-discharges in DBD gap in air obtained experimentally using 10 excitation 
cycles at a frequency of 20.9 kHz and discharge gap 0.762 mm [1] 

Micro-discharges in DBDs repel each other due to accumulated charge on the dielectric surface. 

Therefor DBDs are not uniform and consist of multiple micro-discharges distributed evenly over the 

dielectric surface, figure 4. At current maximum the micro-discharge consists of a volume discharge 

(the thin ionized channel) and a surface discharge (located at the dielectric due to the spreading of 

charge) due to the charge spreading over the dielectric surface. The dimensions of the cathode layer 

have been displayed in table 1 [4]. The thickness and width of the cathode layer are in the order of 20 

µm and 500 µm respectively. The radius of the volume discharge is in the order of 50 µm [1]. 

Table 1 – Parameters of surface discharges in volume DBD arrangements at current maximum 

Relative 
permittivity  
[-] 

Current 
amplitude 
[mA] 

Radius of surface 
discharge         
[µm] 

Current 
density  
[A cm-2] 

Cathode fall  
 
[V] 

Thickness of 
surface discharge 
[µm] 

5 100 200 65 450 20 
50 600 600 60 650 16 
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Atomic layer deposition 
Atomic layer deposition (ALD) is used for the production of ultrathin films. Excellent uniformity and 

precise layer growth are obtained due to the self-limiting nature of the ALD process. ALD can be 

separated into two half-cycles, figure 5. The first half-cycle consists of a self-limiting adsorption 

process where precursor molecules attach to the surface adsorption sites available, (a). A purge step 

follows to remove volatile reaction by-products and excess precursor molecules, (b). After the first 

half-cycle, a sub-monolayer of precursor has chemisorbed on the surface. During the second half-

cycle, reactant molecules are exposed to the surface and will react with the adsorbed precursor 

surface groups, (c). The last step of the process is another purge step to remove the volatile reaction 

by-products and the excess reactant dosed, (d). After the whole cycle, a monolayer is deposited and 

the surface groups are again similar to the start of the cycle. The cycle can be repeated to create a film 

with the desired thickness [5] [6]. 

 

Figure 5 – Schematic representation of the two half-cycles in ALD [5] 

Because ALD is a self-limiting process, the maximum amount of deposited material per cycle is 

determined by the available surface adsorption sites rather than the particle flux. By correctly dosing 

the precursor and reactor molecules to saturate the surface chemistry, ideally a monolayer of material 

can be deposited in one cycle. ALD therefor provides excellent thickness control which can be used to 

increase the film thickness layer by layer by repeating ALD cycles, generally called growth per cycle 

(GPC) and is expressed in nm. High uniformity and precisely controlled film thickness can be achieved 

with ALD because every surface site can adsorb only one precursor or reactant molecule regardless 

the incoming particle flux or whether these surface sites are distributed over a large surface area or 

in a 3D structure [5] [6]. 

PLASMA ENHANCED ATOMIC LAYER DEPOSITION 

Other types of ALD configurations have been developed to extend the possibilities provided by the 

ALD technique. For some materials the suitable combination of precursor and reactant is not (yet) 

available for the chemistry to be driven by thermal energy only. Plasma enhanced atomic layer 

deposition (PEALD) is an adjusted configuration to the ALD technique where the second half-cycle 

provides reactants via a plasma environment rather than thermally. Where the chemistry in thermal 

ALD occurs fully at the surface, the energy required for deposition in PEALD is supplied by activating 

reactants from the gas phase. Therefor PEALD yields several potential benefits over thermal ALD. For 

instance, deposition at reduced substrate temperatures due to the increased reactivity provided by 

the plasma species which makes it possible to deposit on temperature-sensitive substrates like 

plastics, and the increased choice precursors and obtainable materials, including high quality single 

element films like metals which are difficult to obtain by thermal ALD. A consequence of using a 

plasma during the reactant half-cycle is that various plasma species (i.e. radicals, ions, and electrons) 

collide with the film surface, contributing to the ALD chemistry. With various methods of plasma 
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generation and different gasses that can be used for the plasma operation, a large quantity of 

materials can be manufactured by PEALD [5]. 

THE DEPOSITION OF ALUMINA 

This work focusses mainly on the growth of alumina (also referred to in its molecular formula Al2O3) 

layers, therefor the PEALD half-cycles for the deposition of Al2O3 are treated more in-depth. The 

growth of Al2O3 layers is supported by a trimethylaluminum (TMA or Al(CH3)3) precursor and a remote 

O2-N2 plasma. Assume an initial surface terminated with OH groups (typical for oxide surfaces). The 

first step is the exposure to the Al(CH3)3 precursor vapor with which the OH surface groups react 

forming Al-O bonds and releasing volatile CH4, reaction 1 [6] [7]. 

����-��� + ��(���)�(�)→ ���(�)+ ����-[���(���)�]
�    [1] 

The absorbed precursor results in a surface terminated with CH3 groups which do not react with the 

precursor limiting the amount of precursor that can be absorbed to the number of OH surface sites. 

The remote O2-N2 plasma generates O radicals during the second half-cycle which react with the 

surface CH3 groups releasing C2H4 and leaving a surface of OH groups behind, reaction 2 [6] [7]. 

����-���
� + �(�)→

�

�
∙����(�)+ ����-���     [2] 

Also O3 is generated by the plasma, and it is reported that it also contributes to the formation of Al2O3 

through dissociation at the surface, where the locally produced O radical reacts, and O2 is released 

into the gas, reaction 3  [6] [7]. 

 ����-��(���)� + ��(�)→ ����-��(���)��� + ����-�� +
�

�
����(�)+ ��(�) [3] 

Both exposure steps are followed by a N2 purge step to prevent direct reactions between Al(CH3)3 

vapor and O radicals which might otherwise result in non-self-limited CVD-like growth. After the two 

half-cycle steps, the surface is again terminated with OH groups and the process repeats itself. During 

one cycle optimally 0.16 nm of Al2O3 is deposited. 

SPATIAL PLASMA ENHANCED ATOMIC LAYER DEPOSITION 

TNO has developed and improved an adjusted PEALD configuration using the principle of spatial 

plasma enhanced atomic layer deposition (S-PEALD). The proof-of-principle 2 (POP-2) is an improved 

version of the POP-1 which is not further discussed in this work.  The POP-2 makes use of a precursor 

inlet and a reactant inlet that are suspended above a rotary table. The table can hold a 6 inch silicon 

wafer and is able to rotate. The rotation of the table alternates the precursor and reactant half-cycles 

very fast, 10-120 rpm, increasing deposition rates relative to PEALD. The principle scheme of the POP-

2 is shown in figure 6, and the bottom view of the suspended inlets in figure 7. 

 

Figure 6 – Principle scheme of S-PEALD in the POP-2 
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Figure 7 – Bottom view of the POP-2 reactor head 

Figure 6 shows the principle of S-PEALD in the POP-2. The wafer, or substrate, is treated with a quickly 

alternating precursor and plasma step due to the high rotational frequency of the substrate table. A 

N2 purge is mandatory to prevent further reactions between the reactant and plasma species. The 

bottom view of the POP-2 can be observed in figure 7. The head consists of three slots, a precursor 

slot and two reactant slots either for thermal ALD or plasma enhanced ALD. The wafer rotates with a 

certain rotation frequency which makes the substrate velocity dependent on the radius of the wafer. 

To compensate for shorter treatment times due to higher substrate velocity, the exposure zone of the 

precursor step (highlighted light green) is pie-shaped so that everywhere on the substrate precursor 

treatment times remain constant. The exposure zone of the plasma slot however, is rectangular 

instead of pie-shaped. This results in variable plasma treatment times and thus a decrease in GPC and 

quality over the radius. Since the POP-2 is used for research rather than the manufactory of quality 

layers, this is desirable since it yields additional information. 

The POP-2 is confined inside an oven which can be heated to temperatures up to 300 °C. The POP-2 is 

driven by a custom made pulse generator (<100kHz, 5 ms pulse width) coupled to a custom made high 

voltage pulse transformer (1:20). The transformer is directly connected to the plasma source. A 

Tektronix P6015 voltage divider and a Pearson current monitor are used to measure voltage and 

current. The voltage and current waveforms are digitized using a “LeCroy wavesurfer 434” 

oscilloscope. Plasma power is determined from voltage and current integration using the math 

function of the oscilloscope. Experimental gas settings like gas mixture, gas flow, and oven 

temperature can be set with a custom program.  

For pre-tuning and characterization of the plasma sources the tube oven set-up is designed, because 

it is better accessible for diagnostics, static etching and because the POP-2 is not always available for 

use. A glass pyrex tube surrounded by a “Nabertherm” tube oven is the base of this set-up. A rail with 

a holder for various plasma sources can be connected and moved in the tube to be closed off. The 

tube oven is driven by the same electrical power source as used for the POP-2. Connected to the 

exhaust of the glass tube is a “BMT model 555” ozone monitor, which is able to measure the 

concentration of ozone, which is produced when using an O2-N2 plasma. The tube oven requires the 

experimental settings to be set manually by using “Sierra Smart-Trak” and “Bronkhorst EL-Flow” 

massflow meters for the gas mixture and gas flow. The gas can be preheated using “Isopad Tyco 
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thermal” hoses, so that the gas has the same initial temperature as the oven. The oven temperature 

is controlled by a “Nabertherm” PID controller. 

Plasma sources 
The plasma sources used in the POP-2 and the tube oven are exchangeable so that different plasma 

sources can be used. Two types of plasma sources are used, the direct and remote source, for which 

multiple generations of sources are developed. Principally Gen-2 and Gen-3 remote sources have been 

used in this work, but the Gen-2 direct plasma source is briefly presented here as well to better 

understand the motivation for the remote version. 

The direct Gen-2 source, figure 8, consists of a piece of Al2O3, functioning as dielectric barrier, fitted 

in a titanium casing acting as ground electrode. The inside of the dielectric material is coated with a 

layer of silver-palladium alloy acting as high voltage electrode. Gas is flowing through a 100 µm wide 

channel and is dissociated in the channel and also downstream between the plasma source and the 

substrate. Therefor most of the reactive species are generated close to the substrate which ensures 

efficient transport to the substrate. Since the substrate is in direct contact with the plasma it gets 

exposed to high electric fields and is charged. Depending on the application, this might cause substrate 

damage. 

 

Figure 8 – Schematic view of the direct source 

The Gen-2 remote plasma source consists of the same materials as the direct source, but has a 

different geometry, figure 9. The geometry of the Gen-2 remote plasma source is designed in such a 

way that plasma is only formed inside the source rather than in the proximity of the substrate. This 

prevents damage to the substrate by the plasma, but also lowers the transport efficiency of reactive 

species to the substrate because of the loss of reactive species due to gas-phase and surface 

recombination. Since the goal of this work is to gain insight in the transport and loss processes of 

reactive species, this work focusses on remote sources only. 
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Figure 9 – Schematic view of the Gen-2 remote plasma source 

The Gen-3 remote plasma source, figure 10, is an improved version of the Gen-2 and consists of four 

plasma channels instead of two. Different plasma gasses can be used simultaneously as well as the 

option to add a third gas downstream via the central inlet. The outer plasma flows and inner plasma 

flows will, for convenience, be called top flows and down flows respectively. The Gen-3 offers a lot of 

options in terms of gas use which might have benefits over the Gen-2 source. A promising option might 

be the use of an N2 plasma with O2-N2 as a central gas so that higher concentrations of nitrogen radicals 

can be used to produce oxygen radicals in close proximity to the substrate. 

 

Figure 10 – Schematic view of the Gen-3 remote plasma source 
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Modelling of transport processes 
Oxygen radicals play an important role in plasma enhanced ALD of Al2O3. Therefore the process can 

be improved by supplying oxygen radicals faster and in higher quantity. In order to achieve this, the 

transport, gain, and loss processes need to be investigated more in-depth. To visualize and quantify 

these processes in more detail a model has been set up with Comsol Multiphysics. The power of 

Comsol is that is solves the partial differential equations (PDEs) encountered in various types of physics 

by discretization using the finite element method, and thus approximating the PDEs to find a solution. 

Also Comsol is able to combine multiple physics modules in one model and couple them so that results 

can be simulated simultaneously.  

COUPLING MODULES 

To create a model for the transport, gain, and loss processes of radicals in O2-N2 plasma the following 

modules are used: The “Laminar Flow” module simulates the gas flow through the plasma source and 

determines the gas velocity profiles. The “Chemistry” module determines at what rate species are 

created or lost using a database of chemical reactions, while the “Transport of Dilute Species” modules 

determines where the species are created and lost and where they are transported. This is done by 

coupling the “Chemistry” and “Laminar Flow” modules. A “Heat Transfer” module is added to simulate 

how heat produced by the plasma is transported through the source. It is also coupled to all other 

modules to make the model temperature dependent regarding the chemistry, flow, and transport 

properties. 

Two steady-state models have been developed simulating the Gen-2 and Gen-3 remote plasma 

sources. Each of the models works as follows: Gas flowing through the source enters the plasma area 

where reactive species are introduced. Species are able to react with each other based on a set of 

chemical reactions. Nitrogen and oxygen radicals have a probability to recombine on reactor walls and 

are lost. Oxygen radicals have a probability to react with the substrate to form Al2O3. A flux of oxygen 

radicals can be calculated to determine the amount of oxygen radicals that react at the substrate and 

at what location. While setting up the model, assumptions have been made and will be treated in 

detail. 

The Gen-2 and Gen-3 remote plasma sources differ in shape and therefore require two separate 

models. The same assumptions apply for both of them unless states otherwise. 

Processes and assumptions 
GEOMETRY 

The outlet slits of both the Gen-2 and Gen-3 sources are 30 mm long and 0.5 mm wide, which means 

they have elongated shapes which makes a two-dimensional model applicable. This saves computing 

time compared to three-dimensional modelling and makes the model less complex to handle. Both 

geometries need to be sufficiently large for the distribution of heat in the “Heat Transfer” module. 

The Gen-2 has an extra feature since it has an internal gas cooling; cold gas flows into the source and 

cools the dielectric via the backside to prevent overheating from the inside, figure 11.  
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Figure 11 – Gen-2 geometry total- and zoomed view with material description 

Since the Gen-3 source has a plane-symmetrical shape the model can be cut in half. The intersection 

can be set to “Symmetrical” so that it functions as a mirror for the physics modules to save computing 

time, figure 12. The dotted line represents the central inlet of the source, a third inlet to add the 

possibility of adding another gas downstream. Both the Gen-2 and Gen-3 models use a silicon 

substrate by default unless mentioned otherwise. 

 

Figure 12 – Gen-3 geometry with material description. The red dotted line indicates the symmetry boundary 

CHEMICAL REACTIONS IN AN O2-N2 PLASMA ENVIRONMENT 

Both Gen-2 and Gen-3 models use the same set of chemical reactions. The number of chemical 

reactions occurring in a nitrogen and oxygen plasma environment is too large to be taken into account 

in total. Therefore only a limited set of preselected chemical reactions is used based upon the same 

set F. Peeters used in his thesis [8]. However, the set Peeters used was not temperature dependent. By 

backtracking to the original sources [9] [10] [11] [12], temperature dependent chemical reactions have been 

found and replaced where possible. Also more chemical reactions have been added where necessary 

[13] [14] [15]. The set used in the models can be found in Appendix A. The dominant chemical reactions in 

this set for the formation and loss of oxygen radicals are chemical reactions R46 and R30 and are given 

below. 

��(�)+ �� → �� + 2 �        [4] 
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� + �� + �� → �� + ��        [5] 

In total, a variety of 27 chemical species is used in the modelled chemical reactions. 23 consist of 

ground states and excited states, shown in table 2, and the other 4 are “sink-particles”. Their only 

function is to take into account the loss reactions of excited species, the resulting particles do not 

react any further. This considers 3 types of ions, in chemical reactions R135-R138, and a particle called 

“products” in chemical reaction R61, Appendix A. 

Table 2 – Ground state and excited state particles used in the Comsol model 

Ground states N N2 O O2 O3 NO NO2 NO3 N2O N2O4 N2O5 

Excited states 

N(2D) N2(A) O(1D) O2(a)   NO(A)          

N(2P) N2(B) O(1S) O2(b)   NO(B)          

  N2(C)                  

  N2(a)                   

 

THE PLASMA AS BOUNDARY CONCENTRATION OF REACTIVE SPECIES 

Note that the set of chemical reactions does not contain any reactions with electrons. The focus of 

the model is gaining in-depth knowledge on the transport, gain, and loss processes for plasma 

produced radicals towards the substrate, oxygen radicals in particular. The reactive and excited 

species playing a role in the chemical reactions ensuring the gain and loss of oxygen radicals, have a 

characteristic life-time in the micro-discharge remnants of approximately 1 ms [1]. The gain and loss 

processes occur on larger timescales than the dissociation and ionization processes through electrons, 

which occur mostly in micro-discharges when the local electric fields are high, which is about 1-40 ns 
[1]. Combining both the processes on the small and larger timescales, being dissociation and ionization 

processes, and the transport, gain, and loss processes, may prove difficult and too complex for an 

initial model. Therefore the reactions that include electrons, and thus ions, have not been modelled. 

The formation of micro-discharges in a DBD occur on small timescales as well, 30 ns [1]. Leaving out 

electrons, in combination with the hard-to-model short timescales of the micro-discharges, renders it 

impossible for Comsol to model the plasma together with the transport, gain, and loss processes in 

the same model. The reactive species created in the plasma are assumed as a boundary concentration. 

Only N radicals, N2(A), and O radicals are assumed as a boundary concentration. Other excited states 

that are generated in the plasma, like N(2D), N(2P), O(1S), and O(1D), have not been assumed as a 

boundary concentration due to increased complexity this brings with the assumption. It is 

recommended however, that these excited states will be added as a boundary condition in future 

simulations, see chapter “Recommendations for future work”.  

Reactive species in DBD plasmas are mostly generated within the micro-discharges, which occur locally 

in space and are not uniform over large areas. The micro-discharges repel each other and are spread 

out over the dielectric surface homogenously due to charge accumulation on the dielectric surface. 

The homogenous distribution of micro-discharges in combination with the high operating frequency, 

50 kHz, makes it possible to assume that the reactive species in the plasma are produced continuously 

over the length of the discharge channel.  

Furthermore, a micro-discharge consists of a combined volume discharge and surface discharge [4]. As 

indicated by the micro-discharge dimensions discussed in table 1, the surface discharge contains little 

over 96% of the total micro-discharge volume. Reactive species are mostly generated in micro-

discharges, and since micro-discharges spread homogeneously over the dielectric surface and consist 

of 96% of the total discharge volume, it is assumed that the reactive species that are created in the 
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plasma, are, in the model, inserted as a time-constant boundary concentration on the dielectric 

surface, figure 13.  

 

Figure 13 – Gen-3 model, N radicals in cm-3 inserted as time-constant boundary concentration on dielectric boundary. The 
white area is not modelled 

The boundary concentration forces the specified concentration onto the gas flow and the particles 

diffuse further into the stream. It is visually observed from the plasma intensity, caused by the de-

excitation of excited nitrogen species, that the plasma on the pointed edge of the dielectric is 

significantly less intense than in the discharge channel. A less intense plasma results in a lower 

concentration of reactive particles being created. To compensate for this, the time-constant boundary 

concentration is halved at the very tip of the dielectric and increases to its assumed value over the 

curved surface as a linear function as showed in figure 13 for atomic nitrogen. 

THE DIFFUSION OF SPECIES 

Because of the no-slip condition on surfaces, the surface processes, or reactions, are mostly diffusion 

driven. This makes the diffusion of species in the model an important property which has to be 

implemented in the model with great care. The diffusion is dependent on the species concentration, 

the ambient gas, and the temperature. Multiple methods are used to determine the diffusion 

coefficients for species, and will be treated in detail. 

Stated in Welty’s chapter “The Diffusion Coefficient” [16], the Lennard-Jones potential can be used to 

evaluate forces between non-reacting particles, equation 6 [17]. 
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DAB is the diffusion coefficient in m2/s for a particle A in a gaseous environment B. T is the absolute 

temperature in Kelvin, MA, MB gives the molar mass of particles A and B respectively, and P is the 

absolute pressure in atmospheres. σAB is the collision diameter, the average diameter of particles A 

and B, and is given for some particles in Welty’s “Appendix K” [16]. ΩD is the collision integral, a 

dimensionless function of the temperature, and the inter-particle potential field for a particle A and 

B. The inter-particle potential field, εAB, is given for some particles in Welty’s “Appendix K” [16]. εAB, 

together with the temperature, determines the collision integral, which then is used to calculate the 

diffusion coefficient for a particle A in an environment of particles B. The collision diameter and 

collision integral for N2, O2, O3, NO, and N2O, can be found in table 3. The calculated diffusion 

coefficients are plotted in figures 45-48, Appendix B. 
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When the collision diameter and collision integral are not available, an empirical correction on 

equation 6 can be used, equation 7 [16] [18]: 
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Instead of the collision diameter and collision integral, VD, the diffusion volume is used, which is 

defined as the volume one mole of a specific element occupies at room-temperature in cm3·mol/g. 

Since the collision integral was temperature dependent, a correction has been applied to the 

temperature dependence of equation 6. The diffusion volumes of particles N, N2, and O can be found 

in table 3 [16]. For heavier particles, no collision diameter, collision integral, or diffusion volume is 

available. Diffusion coefficients for NO2, NO3, N2O4, and N2O5 are determined experimentally in a 

nitrogen environment at atmospheric pressure and at room temperature [19], and are shown in figures 

47 and 48, Appendix B. 

Table 3 – The collision diameter, collision integral, and diffusion volume are given for various particles if available 

Particle σAB [Å] ΩD [-] VD [cm3·mol/g] 

N - - 5.69 

N2 0.912 3.681 17.9 

O - - 5.48 

O2 0.9367 3.557 - 

O3 1.019 41.405 - 

NO 0.9402 35.755 - 

NO2 - - - 

NO3 - - - 

N2O 1.034 3.78 - 

N2O4 - - - 

N2O5 - - - 

 

J. Janssen investigated numerous transport properties in molecular plasmas including diffusion 

coefficients [20]. He set up a model with which it is possible to calculate temperature dependent 

diffusion coefficients using the hard-sphere approximation, the Lennard-Jones potential, the collision 

diameter, and the collision integral. The model that was created during his work provided temperature 

dependent diffusion coefficients for all species that are used in the Comsol model. The modelled 

diffusion coefficients are compared with the calculated diffusion coefficients and can be found in 

figures 45-48, Appendix B.  

The calculated diffusion coefficients match the modelled diffusion coefficients obtained from J. 

Janssen [20]. They are in the same order and show the same trends. The experimentally obtained 

diffusion coefficients [19] for NO2, NO3, N2O4, and N2O5 only match with the modelled diffusion 

coefficients for room-temperature, since they are not temperature-dependent. Since the modelled 

diffusion coefficients are all temperature dependent, match the calculated diffusion coefficients, and 

all originate from the same source [20], this set is accepted and used in the Comsol model. Species in 

excited state are assumed to have the same diffusion coefficient as the species in the ground state. 
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SURFACE RECOMBINATION 

Reactive species formed in the plasma which travel towards the substrate can be lost in recombination 

processes at surfaces. Nitrogen radicals may diffuse towards the surface and recombine with a 

nitrogen atom on the surface to form molecular nitrogen which diffuses back into the gas flow. The 

recombination probabilities of reactive species on various surface materials have been investigated 

intensively  [6] [21] [22] [23]. A summary of recombination probabilities obtained from the aforementioned 

studies is given in table 4. 

Table 4 – Recombination probabilities for oxygen and nitrogen radicals for multiple surfaces 

Material Particle Recombination Probability [-] Source 

Titanium     
  O 0.04 - 0.16 [21] 

  N 3.2·10-4 [23] 

Pyrex     
  O 1.2·10-4 [22] 

  N 6.8·10-5 [23] 

Alumina    

 N 1.8·10-3 [6] 

 

The recombination probabilities for titanium, pyrex, and alumina are used in the model since the 

housing is made of titanium, and the substrate out of either silica, which may be well represented by 

pyrex glass, or alumina depending on the application. No recombination on the dielectric barrier is 

assumed, since the dielectric surface is assumed to be the source of the reactive species. Applying 

recombination properties on the same boundary will result in errors in the generation of reactive 

species in the model. The recombination of O radicals on an alumina substrate is also not taken into 

account. O radicals are reacting with TMA chemisorbed on the substrate to form the next alumina 

monolayer. Applying recombination on the same boundary will make the processes too complex. 

Because the recombination probability of O radicals on titanium is determined to be between 0.04 

and 0.16, 0.1 is used in the model. The excited states of N and O are assumed to recombine on the 

surface with the same recombination probability as the respective ground state particles. Molecular 

radicals (for example NO), excited or not, are assumed not to recombine on surfaces in the model, 

either because of desired model complexity or lack of recombination probability data. 

The recombination probability can be converted to a flux of particles that will recombine on the 

surface using equation 8 [24] [25]. 

Г = �� ∙�� ∙�
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         [8] 

Where Г is the flux in mol/m2·s, pX is the recombination probability for a particle ‘x’, CX is the 

concentration of a particle ‘x’ in the vicinity of the surface, R is the gas constant, T is the temperature 

in Kelvin, and M is the molar mass. 

 

THE DEPOSITION OF ALUMINA 
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The model is focused on calculating the flux of oxygen radicals arriving at the substrate, and thus, only 

simulates the plasma enhanced co-reaction in the PEALD process. Therefore, the substrate surface is 

assumed to be CH3 terminated already. Oxygen radicals react with available CH3 surface sites, reaction 

2. Taking the amount of available surface sites into account makes the model too complex for an initial 

model. The O radicals can therefore react at any location on the substrate, keeping into account the 

reaction probability. As stated before, also O3 may react to form Al2O3, reaction 3. The O3 surface 

reactions have not been used in the default settings of the model, but are looked into later in this 

work in the sensitivity analysis, chapter “Results”. A range of reaction probabilities is reported for O 

and O3, and is listed in table 5 [6]. 

Table 5 – Reaction probabilities for the formation of alumina for O and O3 

Particle Reaction Probability [-] Source 

O 0.1 - 0.9 [6] 

O3 10-4 - 10-3 [6] 

 

The reaction probabilities of O and O3 are given in a range of values. A reaction probability of 0.1 has 

been taken as default value for oxygen radicals. The influence of the reaction probabilities for oxygen 

radials and ozone is investigated further during the sensitivity analysis, chapter “Results”. Excited 

states of O radicals, being denoted as O(1D) and O(1S), are also assumed to contribute to the formation 

of Al2O3 with the same reaction probability as O radicals because the reaction probabilities for excited 

states of oxygen radicals are unknown. The surface reactions regarding the formation of Al2O3, is 

applied using the same equation as for the surface recombination, reaction 8. Comsol is used to 

calculate the flux of oxygen radicals on the substrate which react to form Al2O3.  

After deposition experiments have been performed, the GPC can be measured at a specific radius 

from the center of the wafer. An estimated flux of oxygen radicals needed to reach this GPC can be 

calculated, equation 9, and compared to the modelled flux which is simulated by the model.  

Г��� = 3 ∙� ∙��� ∙
��

�
∙�        [9] 

Here, Гest is the estimated flux of O radicals needed to form one monolayer of Al2O3 in cm-2·s-1. ρ is the 

density of a layer of deposited Al2O3 and is taken as 3 g·cm-3 [26] [27]. GPC is the growth per cycle and 

must be given in cm. NA is Avogadro’s number and M is the molar mass of Al2O3 being 102 g/mol. ω 

represents the rotations per second. The factor 3 is added because Al2O3 contains 3 oxygen atoms for 

one alumina molecule. 

The amount of oxygen radicals reacting with the available reactive sites on the substrate rather than 

the flux determines the thickness of one monolayer of Al2O3. Because the estimated flux and modelled 

flux are determined for different areas, a correction has to be done to compensate for this. The 

estimated flux is determined at a distance r from the center of the wafer, where the GPC is measured. 

The modelled flux is determined over the substrate modelled beneath the plasma source, and has a 

length of 0.95 cm. To be able to compare the modelled flux and estimated flux, a correction has to be 

done, equation 10, where r is in cm. 
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To include the rotation of the wafer beneath the plasma source, a variable substrate velocity is 

implemented in the model. The substrate velocity is determined by the radius and the rotations per 

second. 

 

GAS FLOW PROPERTIES 

The “Laminar Flow” module is an important part of the model which is responsible for the way the gas 

flows, and thus where the particles are flowing. Laminar flow over turbulent flow is assumed because 

the source possesses a very narrow discharge gap. This is also in agreement with the Reynolds number, 

which predicts that a flow in a pipe or duct can be considered laminar of the Reynolds number is below 

2300 [28]. The Reynolds number can be determined by equation 11. 
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Where Re is the Reynolds number, vmean is the mean velocity in the tube or duct, ν is the kinematic 

viscosity in m2/s and is 1.562·10-5 m2/s at 1 atmosphere pressure and 25 °C [28]. DH is the hydraulic 

diameter which, for a rectangular duct, is defined in equation 12 [28]. 
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Here, a and b represent the height (discharge gap) and width (width of the source) for the rectangular 

duct. Since the width of the duct in the source is 3 cm, and the height of the duct is 100 µm, it can be 

stated that b >> a. Therefore the hydraulic diameter can be simplified to 2a. A default flow of 1 slm in 

a duct of 3 cm by 100 µm, gives an average velocity of 5.5 m/s. Using this data for equation 7 results 

in a Reynolds number of 70, which is far below 2300 and thus a laminar flow can be assumed. 

The gas mixture as used at the inlet of the model is implemented as a fully developed flow of 1 slm by 

default and assumes no impurities, which is not the case in reality. Either pure N2, an O2-N2 gas 

mixture, or DCA is used as an inlet gas mixture. During experiments, gasses with impurities below 

0.001% are used. 

HEATING PROPERTIES 

For the “Heat Transfer” module, a gas inlet temperature is added because the gas may not have the 

same temperature as the environment. The boundaries at the edges of the model have been set to an 

open boundary so that the model takes into account the heat flux leaving the system into the 

environment with a specified ambient temperature.  

The plasma will heat the gas and the source depending on the plasma power used. Therefore a heat 

flux is implemented at the dielectric surface where the plasma is located. The input is defined as a 

heat rate in W/m2 applied to a boundary with a plasma power P which can be measured in 

experiments. As discussed before, the plasma intensity decreases at the very tip of the dielectric, so 

the same linear function is applied to the heat input as for the boundary concentration. The heat input 

is halved at the very tip, and increases with a linear relation to its assumed value over the curved 

boundary. 

COUPLING MODULES 

A “Multiphysics” module is added in Comsol to couple the modules used in the model. The “Heat 

Transfer” and the “Laminar Flow” modules are coupled because they influence each other. The 

flowing gas is heated and cools the source, while simultaneously the gas expands with increasing 
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temperature. Therefore they need to be coupled and simulated simultaneously. The “Transport of 

Diluted Species” module is coupled to the “Chemistry”, “Laminar Flow”, and “Heat Transfer” modules. 

The location and rate of the reactions happening in the “Transport of Diluted Species” module, depend 

on the chemical reactions defined in the “Chemistry” module. The “Laminar Flow” module calculates 

the velocity profile which determines where the species will flow. The “Heat Transfer” module ensures 

local temperature dependent diffusion coefficients by coupling with the “Transport of Diluted Species” 

module. Finally the “Heat Transport” module is coupled to the “Chemistry” module to make the 

chemical reactions locally dependent on temperature. 
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Results 
The default model 
The model bears numerous parameters which all have an influence on the performance. The 

performance will be determined in terms of O3 generation and the O radical flux towards the substrate 

during the formation of alumina, because those two values can be determined experimentally as well 

as from simulations. O3 is generated by chemical reactions R30 and R31, Appendix A. 

� + �� + �� → �� + ��        [13] 

� + �� + �� → �� + ��        [14] 

The thermal decomposition of O3 is very low for temperatures below 150 °C [1]. The O3 concentration 

is measured using the ozone monitor. The concentration of O3 that is generated in the source depends 

on the amount of O radicals present. This yields information about the amount of O radicals that are 

generated by the plasma, and O radicals created by chemical reactions. This does not, however give 

information about where the O radicals are located. The O radical flux does yield this information. It 

can be determined from the model and from the layer thickness after alumina deposition 

experiments. 

DEFAULT MODEL FOR COMPARISON 

To determine which parameters show a large influence on the performance (oxygen radical flux) and 

which don’t, a sensitivity analysis has been performed on the model. The value of multiple parameters 

will be varied and the influence on the O3 generation and oxygen radical flux will be investigated and 

compared to the default values. A default model has been defined and results will be shown and 

explained. The default parameter values used are represented in table 6. 

Table 6 – Default parameter values as used in the default model 

Default parameter values 

Plasma Power (3 cm wide source) [W] 2.3 

Substrate velocity [m/s] 0.25 

Boundary concentration N [cm-3] 1014 

Boundary concentration N2(A) [cm-3] 1013 

Boundary concentration O [cm-3] 5·1013 

Gas flow (per 3 cm wide channel) [slm] 1 

Heat conversion coefficient [%] 60 

Substrate gap [µm] 100 

Ambient (ALD oven) temperature [°C] 100 

Concentration of oxygen [%] 1 
 

Both the source and the settings are chosen so that they represent experiments on the POP-2. A gas 

mixture of 1% O2 in N2 is used, the central flow is disabled. The source used for the default model is 

the Gen-3 source operates at 5 kV and a frequency of 50 kHz by default, these settings result in a 

plasma power of 16 W. Orienting experiments have shown that for a plasma power this high, the 

source heats so much that ozone is not stable and can’t be measured anymore. Therefore a plasma 
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power of 2.3 W is chosen which corresponds with an operating frequency of 15 kHz. The wafer in the 

POP-2 rotates with 60 rpm which corresponds with a substrate velocity of 0.25 m/s at a radius of 40 

mm. The boundary concentrations for plasma species have been set to a fixed ratio between N, N2(A), 

and O species. Investigations on pure N2 and O2-N2 plasmas report that the concentration of N radicals 

is about 2-10 times larger than N2(A) and O concentrations [8][29] [30]. Based on these investigations, a 

ratio of 10:1:5 has been taken for N, N2(A), and O respectively. Reported N radical concentrations are 

in the order of 1014 cm-3 [8] [29] [30] [31] [32]. The N2(A) and O concentrations are normalized to the N 

concentration by the given ratio . The gas flow is set to 1 slm per plasma channel. The distribution of 

energy supplied by the input plasma power in DBDs is investigated and reports that the amount of 

energy converted into heat is strongly dependent on the gas mixture and the gas velocity [33]. Based 

on the results of the investigation, the amount of energy converted into heat is taken as 60%. The 

substrate gap, ambient temperature, and percentage oxygen are taken from experiments with the 

POP-2. These parameter values define the default model, results of the default model are discussed 

below. 

 

Figure 14 – Total view of the velocity field in m/s 

 

Figure 15 – Zoomed view of the velocity field in m/s 
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Figure 14 represents a total overview of the velocity field. The red dotted line shows the symmetry 

axis. A zoomed view of the velocity field is given in figure 15. The colour legend gives the velocity in 

m/s. The two inlet flows meet in the small reactor area and leave via the exhaust to the right which 

increases the velocity. In the left channel the gas is stagnant because the central flow inlet is disabled 

and the symmetry of the four plasma channels forces the gas to the right. 

 

Figure 16 – Total view of the temperature profile in °C 

The temperature profile is shown in figure 16. The colour legend gives the temperature in °C. Note 

that the red dotted line at the left side of the image gives the symmetry axis. The 1% O2-N2 gas mixture 

enters the source with a temperature of 100 °C and exits the source with a temperature 107 °C. The 

plasma converts 60% of its energy, supplied by the input plasma power, into heat causing the gas and 

the source to heat up. It can be observed that the solid components of the source become more or 

less homogeneous in temperature while the gas shows high temperature gradients when the velocity 

is low. The temperature profile also shows that the plasma temperature is the same as the outlet 

temperature, the location where the two plasma channels meet. 

 

Figure 17 – Concentration of nitrogen radicals in cm-3 
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Figure 18 – Concentration of oxygen radicals in cm-3 

Figure 17 and 18 represent the concentrations of nitrogen and oxygen radicals respectively. The colour 

legend shows the concentration in cm-3. The white area is not modelled since it yields no new 

information. Both the nitrogen and oxygen radicals are generated at the dielectric surface and flow 

towards the exhaust. Surface recombination and losses in the gas-phase result in a decrease in 

concentration further towards the exhaust. Less nitrogen radicals are lost during transport than 

oxygen radicals because the recombination probabilities for nitrogen radicals on titanium and alumina 

are lower than the recombination probabilities for oxygen radicals. The dominance of chemical 

reactions for the gain and losses of oxygen radicals, Appendix C, shows that the formation of O3 and 

NO serves as the biggest loss for oxygen radicals, where O3 is the bigger loss of the two. 

 

Figure 19 – Concentration of ozone in cm-3 
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Figure 20 – Concentration of NO in cm-3 

The concentration of O3 and NO species is represented in figures 19 and 20 respectively. The colour 

legend gives the concentration in cm-3. The white area is not modelled. The concentrations of both O3 

and NO increase with a linear trend through the plasma channel, the reason being that the 

concentration of oxygen radicals is constant over the length of the channel as can be seen in figure 

18. Cumulative production of O3 and NO result in an increasing concentration over the length of the 

plasma channel. Both O3 and NO are stable and once the oxygen radicals are depleted, the O3 and NO 

concentrations remain constant. The O3 concentration can be measured in parts per million (ppm) in 

situ and is determined at the exhaust of the model as a concentration of 2.97 ppm. 

 

Figure 21 – Flux of oxygen radicals towards the substrate in cm-2·s-1 

Figure 21 gives the flux of oxygen radicals on the substrate in cm-2·s-1. The substrate length is displayed 

in mm and starts in the middle of the source, at the location where the two plasma channels meet, 

and runs up to the exhaust. The peak in the flux can be explained by looking more closely to figure 15, 

where the velocity profile clearly shows a high gradient in the velocity directly below the outlet of the 

right plasma channel. Here the flow pushes the oxygen radicals towards the substrate, as can be seen 

in figure 18, where an increased concentration can be observed in the vicinity of the substrate. During 

depositions experiments with the POP-2, the wafer rotates so that the whole area is treated equally 
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each rotation. The profile of the flux of oxygen radicals becomes unimportant and an average flux of 

oxygen radicals can be determined from the flux profile, since the whole wafer is treated equally 

anyway. The average flux of oxygen radicals, determined from figure 21, is 1.52·1014 cm-2·s-1. 

Sensitivity analysis 
To visualize the influence on the performance when changing the parameter values, a sensitivity 

analysis has been performed. The change in the O3 concentration and oxygen radical flux have been 

compared to the default values presented above.  

Table 7 – Sensitivity analysis on various parameters with respect to the default model 

Parameter changed Relative change in O3 concentration Relative change in O flux 

Default parameter values 1.00 1.00 

Diffusion coefficients · 1/5 0.91 0.77 

Diffusion coefficients · 5 0.99 1.36 

Substrate velocity to 0 1.00 1.00 

Substrate velocity · 2 1.00 1.00 

Substrate velocity · -1 1.00 1.00 

Surface recombination · 1/10 1.02 1.18 

Surface recombination · 10 1.00 0.97 

Substrate reactions · 1/10 1.00 0.99 

Substrate reactions · 10 1.00 1.00 

Boundary concentrations · 1/10 0.10 0.09 

Boundary concentrations · 10 7.94 11.03 

Gas flow · 1/2 1.93 0.50 

Gas flow · 2 0.51 2.07 

Gas flow · 5 0.20 5.53 

O2 percentage · 1/2 0.50 1.08 

O2 percentage · 2 1.95 0.88 

Include deposition by O3 (0.0001) 0.19 5.73 

Include deposition by O3 (0.001) 0.02 6.73 

Substrate gap · 1/2 0.99 1.05 

Substrate gap · 2 1.05 0.90 

No decrease in plasma at tip 1.02 1.19 

Include excited states in 
boundary condition 

0.97 2.41 

Heat conversion -30% 1.03 0.97 

Heat conversion +30% 0.97 1.03 
 

Table 7 shows the relative change in O3 concentration at the outlet of the model and the oxygen radical 

flux on the substrate with respect to the default model. The parameters that have been changed 

during this sensitivity analysis are shown with their corresponding results. An influence smaller than 

5% is marked yellow, influences larger than 5% are marked red and green for decrease and increase 

respectively.  
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The diffusion coefficients have been decreased and increased by a factor 5 for all particles at once. 

The O3 production is only slightly affected, while the oxygen radical flux changes roughly 30%. An 

explanation for this is, like discussed before, that the surface reactions are diffusion limited because 

of a no-slip condition at the surface. The wafer in the POP-2 in rotating and has a radius dependent 

velocity. Depositions closer or further away from the centre result in lower or higher substrate 

velocities. Therefore the substrate velocity has been changed to zero, doubled, and reversed. The 

sensitivity analysis shows that a change in substrate velocity does not affect the process since the 

change in substrate velocity is insignificant compared to the gas velocities. A total gas flow of 2 slm 

for the two plasma channels results in a mean gas velocity of 11 m/s for a substrate gap of 100 µm, 

which is much higher that the substrate velocities which are in the order of 0.25 m/s. A doubling of 

substrate velocity is insignificant with respect to the mean gas velocity and therefore shows no change 

in the sensitivity analysis.  

A small change in surface recombination and substrate reaction probabilities is insignificant. Only a 

surface recombination a factor 10 lower shows an increase in deposition. The probability applies to a 

particle in the vicinity of the surface of substrate. If it reacts, it leaves the system, but if it doesn’t 

react, it remains where it is and an instance later it has another chance to react up until the particle 

finally reacts and leaves the system. This might be a reason why the probability shows little influence.  

The boundary concentrations for the N, N2(A), and O particles however, shows great influence which 

is almost linear. A decrease of boundary concentrations with a factor 10 results in an O3 concentration 

and O flux 10 times lower. Of course, more reactive particles in the gas-phase means more 

recombination towards O3 and more reactive species reaching the substrate. The concentrations of 

the species that are created in the plasma heavily depend on the kind of plasma and the plasma 

settings. Since the boundary concentrations of the default model are based upon experimental work 

of others [8] [29] [30] [31] [32], and influence the model so heavily, a more in-depth calibration is needed in 

order to determine the boundary concentrations more accurately.  

The gas flow shows an almost linear influence on the O3 concentration and O flux. Since the model 

imposes the boundary concentrations, the reactive species diffuse into the gas flow are transported 

through the source. This results in a linear dependence on the O3 concentration, because a larger gas 

flow means less time for O3 to be created. Also the O flux shows a linear dependence, since an 

increased gas flow delivers O radicals to the substrate faster. Even at 5 times increased gas flow the 

linear dependence holds. Since it is unknown if the linear dependence holds for higher gas flows, only 

gas flows in the order of 1 slm are used in this work. The influence of gas flow on the O flux is discussed 

further is the chapter “Discussion”.  

The oxygen percentage used in the O2-N2 gas mixture shows that an increase of oxygen in the system 

leads to a lower flux of oxygen radicals towards the substrate. This can also be observed in 

experimental data, where a lower GPC is seen at higher O2 percentages, figure 35. While a higher 

concentration of O2 leads to more oxygen radicals, it also leads to more opportunities for the oxygen 

radicals to recombine towards O3.  

As reported [6], deposition of alumina can also be driven by O3. The influence of deposition by O3 has 

been included with reaction probabilities of 10-4 and 10-3 [6]. It shows great influence on both the O3 

concentration and O flux, since the O3 reacts and leaves the system. The flux of O3 reacting with the 

substrate is included in the O flux, because O3 dissociates into O and O2 where the O radical reacts 

with the substrate, reaction 3. The possible deposition by O3 is observed during experiments and is 

discussed further in the chapter “Discussion”.  
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The substrate gap shows little influence on the generation of O3, and a small influence on the oxygen 

radical flux. The increased distance from the source to the substrate increases the residence time for 

oxygen radicals in the gas-phase before they reach the substrate. Longer residence times provide 

more opportunities for oxygen radicals to recombine in the gas-phase and therefore less oxygen 

radicals reach the substrate. The function used at the tip of the dielectric to decrease plasma intensity 

is based upon visual observations. Disabling the function, and thus make the plasma intensity maximal 

over the whole boundary, shows an increase of 19% for the oxygen radical flux, while the O3 

generation is less affected. This indicates that the amount of oxygen radicals created closest to the 

substrate has a larger influence on the flux of oxygen radicals than decreasing the travel time by 

decreasing the substrate gap. This shows that the correct use of the function at the tip of the plasma 

is important. More in-depth studies on the decrease in plasma intensity have not been done in this 

work, but are recommended for future studies, chapter “Recommendations for future work”.  

For simplicity of an initial model, only N, N2(A), and O are assumed as a boundary concentration of 

species in the plasma, but many more types of reactive particles are created initially. Adding the 

excited states N(2D), N(2P), O(1P), and O(1S) initially with a concentration of 1013 cm-3 shows little 

influence on the generation of O3, but proves significant in the O flux. The excited species were not 

included in the default model but adding them is recommended for future investigations, chapter 

“Recommendations for future work”.  

Though a small change in heat conversion coefficient does not affect the O3 generation and O flux 

significantly, it does affect largely how much the source heats up. Using the default parameter value 

for heat conversion coefficient of 60%, results in a source outlet temperature of 108 °C. Varying the 

heat conversion coefficient to 30% and 90% results in temperatures of 104 °C and 112 °C respectively, 

which is a linear increase in temperature considering the initial oven temperature of 100 °C. For low 

plasma powers, the increase of temperature does not affect the O3 generation and O flux significantly, 

but for higher plasma powers the temperature can increase at least 20 °C, which will affect local 

chemical reactions rates and diffusion coefficients. Also, since the heat conversion coefficient largely 

depends on the gas mixture and the gas velocity [33], the heat conversion coefficient needs to be 

investigated more in-depth through experimental calibration. 

Model calibration 
As discussed above, the boundary concentration of N, N2(A), and O species, and the heat conversion 

coefficient can be evaluated by comparison of calculated and measured results. Experiments have 

been performed on the tube oven set-up with both the Gen-2 and Gen-3 sources with a variety of 

settings considering oven temperature, gas inlets used, gas mixture, and plasma power. O3 

concentrations have been measured with the ozone monitor at the outlet of the tube oven, and the 

source outlet temperature has been measured using a “Neoptix fiber optic” temperature sensor 

placed at the outlet of the plasma source. The boundary concentrations of N, N2(A), and O are applied 

using a fixed ratio between the species of 10:1:5 respectively. The boundary concentration of the three 

species will be varied, using the given ratio, until the modelled O3 concentration matches the 

measured O3 concentration. The heat conversion coefficient will be varied until the modelled source 

outlet temperature matches the measured source outlet temperature. 

CALIBRATION EXPERIMENTS 

All calibration experiments have been performed on the tube oven set-up. A pyrex microscope slide 

is used as a substrate in all cases. The first experimental set has been performed extensively on the 

Gen-2 to specify what experimental parameters are important to include in the calibration. This set 
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has been performed at room temperature with multiple substrate gaps of 1.5, 2, and 4 mm. Note that 

the substrate gaps are much larger than the one used in the default model because the temperature 

sensor, with a 1.1 mm diameter, needed to be placed in between the source outlet and the substrate. 

0.5, 1, and 2 percent oxygen in nitrogen is used as gas mixture with a gas flow of 1 slm per plasma 

channel. O3 concentrations and outlet temperatures are measured as function of plasma power. 

Plasma power is varied by tuning the operation frequency. 

 

Figure 22 – O3 concentration for different substrate gaps and multiple O2 concentrations with a plasma power of 8.3 W at 
room temperature 

Results regarding the influence of the substrate gap are shown in figure 22. It can be observed that 

the substrate gap shows no significant influence on the generation of O3. Therefore the substrate gap 

has been set to 1.5 mm for all other experimental sets besides the Gen-2 set at room temperature. 

 

Figure 23 – O3 concentration versus plasma power for multiple O2 concentrations at room temperature; All substrate gaps 
plotted 

Figure 23 shows the influence of plasma power on the generation of O3 for different oxygen 

concentrations. At first, the oxygen concentration relates almost linear to the ozone concentration 

which is expected since O2 is the source for oxygen radicals, and the recombination of oxygen radicals 

with O2 generates ozone. Considering the plasma power, a ramp can be observed for low plasma 

powers, which gradually becomes a plateau for higher plasma powers. It might be logical to assume 

that an increase of plasma power results in more reactive species being generated in the plasma. 



 

 
32 

When the plasma power increases further, the amount of reactive species generated in the plasma 

increases, but more reactive species also offer more opportunities to recombine, also resulting in an 

increased loss with increasing plasma power. The net amount of reactive plasma species produced 

reaches a plateau and becomes constant. As a result, the ozone concentration also becomes constant. 

 

Figure 24 – Outlet temperature versus plasma power for multiple oxygen concentrations at room temperature with a 
substrate gap of 1.5 mm 

The temperature appears to relate linear to the plasma power, figure 24. Also, the oxygen 

concentration does not seem to have an influence on the temperature measured at the outlet of the 

source. 

 

Figure 25 - O3 concentration versus plasma power for multiple O2 concentrations at an oven temperature of 100 °C 



 

 
33 

 

Figure 26 - Outlet temperature versus plasma power for multiple oxygen concentrations at an oven temperature of 100 °C 

The same experimental set has also been performed at an oven temperature of 100 °C. Figure 25 gives 

the measured O3 concentration versus the plasma power. Since temperatures are higher, ozone is less 

stable and reacts and dissociates easier which results in less ozone being measured. For low plasma 

powers, the same initial ramp can be observed as in figure 23. An increase in plasma power, also 

results in an increase in temperature, figure 26. At a plasma power of 10 W or more, temperatures of 

more than 120 °C are reached and ozone becomes so unstable that the concentration drops. For 

plasma powers higher than 16 W, temperatures are so high that ozone is not measured anymore. 

The Gen-3 has the opportunity to use a central inlet, with which a gas can be added downstream to 

the gas flowing through the plasma channels. This increases the options for experimental settings in 

terms of gas use. Three different gas settings have been used, both at oven temperatures of room 

temperature and 100 °C, and have been given in table 8 for clarity. During all experiments the central 

inlet, if used, uses a gas flow of 0.5 slm. The gas flow through the plasma channels remains fixed at 1 

slm per channel. All Gen-3 experimental results can be found in Appendix D. 

Table 8 – Experimental sets with the Gen-3 

Experimental set 
Plasma 

gas 
Central 

gas 

1 O2-N2 DCA 

2 O2-N2 - 

3 N2 O2-N2 

 

The experimental set with an O2-N2 plasma gas and DCA central gas at room temperature shows an 

initial ramp in the O3 concentration for low plasma powers, and transforms into a plateau at 30 ppm 

in the case of 1% O2-N2 for a plasma power higher than 6 W. The temperature measurement proves 

linear and results in an increase in temperature of 35 °C at 15 W. At an oven temperature of 100 °C, 

the O3 concentration is initially lower than for room temperature. The O3 concentration builds up with 

increasing plasma power, but decreases for plasma powers higher than 5 W, and eventually will 

become zero. Temperature increases with plasma power more or less linear and results in an increase 

of 20 °C at 12 W. 
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The experiments with an O2-N2 plasma gas without a central gas show a higher O3 concentration than 

with DCA as central gas, at both room temperature and 100 °C. The case at room temperature also 

results in a plateau at 140 ppm around 7 W for an oxygen concentration of 1%. The temperature 

increases 35 °C at 20W. Experiments at an oven temperature of 100 °C show increasing O3 

concentrations up to 4 ppm for 1% O2-N2, and decreases to zero ppm for plasma powers higher than 

15 W. The temperature increases linear with plasma power and results in an increase of 25 °C at 15 

W. 

Experiments with a pure N2 plasma with an O2-N2 gas mixture with various concentrations of O2 as a 

central gas result in very low O3 concentrations overall compared to experiments with an O2-N2 plasma 

gas. For experiments at room temperature, a plateau is reached for low oxygen concentrations. A 

plateau has not been reached for experiments with 20% O2. Temperature increases linearly with an 

increase of 25 °C at 12 W. O3 concentrations at an oven temperature of 100 °C are less than 1 ppm for 

all O2 concentrations, but results in a plateau around 12 W. Temperature increases 35 °C at 15 W. 

CALIBRATION MODEL 

A calibration has been performed on the experiments described above. The boundary concentration 

of the species N, N2(A), and O has been varied until the O3 concentration, determined at the exhaust 

of the model, matched the experimental O3 concentration. The heat conversion coefficient has been 

varied until the modelled source outlet temperature matched the measured source outlet 

temperature. For experiments with an O2-N2 plasma, only the case of 1% O2 has been calibrated, and 

for experiments with a pure N2 plasma gas, only the case with 20% O2-N2 has been calibrated.  

 

Figure 27 – Calibrated boundary concentration versus plasma power per species at room temperature 
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Figure 28 - Heat conversion coefficient versus plasma power at room temperature 

The experiments with the Gen-2 at room temperature have only been calibrated for a gap distance of 

1.5 mm, figure 27. The reason that the boundary concentrations do not heavily depend on the plasma 

power is because this calibration has been done for a plasma power higher than 5 W, where a plateau 

is observed.  

The amount of energy converted into heat is also calibrated by using the source outlet temperature. 

Figure 28 shows the heat conversion coefficient for various plasma powers and appears constant 

around 18%. Because only three data-points could be modelled for the Gen-2 at room temperature 

for a gap distance of 1.5 mm, this model could not be calibrated properly. Experiments with the Gen-

2 at an oven temperature of 100 °C have been modelled more intensively.  

 

Figure 29 – Calibrated boundary concentration versus plasma power per species at an oven temperature of 100 °C 
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Figure 30 - Heat conversion coefficient versus plasma power at an oven temperature of 100 °C 

The boundary concentration is represented in figure 29, and depends heavily on the plasma power. 

Concentrations are ten times lower than the simulations at room temperature. The heat conversion 

coefficient appears somewhat constant around 20%. To maintain a clear overview, Gen-3 calibration 

results are located in Appendix E.  

Calibration for the model with an O2-N2 plasma gas and DCA added as a central gas shows an increasing 

boundary concentration for a plasma power lower than 6 W which stabilizes around a concentration 

of 8·1013 cm-3 for N radicals at room temperature, figure 75. The heat conversion coefficient increases 

for low plasma powers, but remains stable around 60% for plasma powers higher than 3 W, figure 76. 

At an oven temperature of 100 °C the boundary concentrations are a factor 10 lower than at room 

temperature, figure 77. The concentrations increase initially but drops towards zero for plasma 

powers higher than 5 W. Initially the heat conversion coefficients needs to be almost 200% to reach 

the temperature measured during the experiment, figure 78. It decreases with increasing plasma 

power and remains stable at 60% for a plasma power higher than 5 W. 

The calibration results for an O2-N2 plasma gas without the addition of DCA as a central gas show an 

increase in boundary concentrations for low plasma powers which becomes a plateau around 5·1014 

cm-3 for N radicals for a plasma power higher than 10 W, figure 79. Figure 80 gives the heat conversion 

coefficient which remains more or less constant around 30%. At an oven temperature of 100 °C the 

boundary concentration for N radicals starts around 1013 cm-3 and gradually drops to zero with 

increasing plasma power, figure 81. Figure 82 gives the heat conversion coefficient which initially lies 

around 95% and drops with increasing plasma power towards 50% where it stabilizes. 

Figure 83 gives the boundary concentrations for a pure N2 plasma gas with DCA added as a central gas. 

The N radical concentration is in the order of 1013 cm-3 and increases with increasing plasma power. A 

plateau is not reached. The heat conversion coefficient, given in figure 84, shows an initial ramp which 

stabilizes around 70% for a plasma power higher than 6 W. Figure 85 gives the boundary 

concentrations at an over temperature of 100 °C. The boundary concentrations increase with 

increasing plasma power, and stabilize around 5·1012 cm-3 for N radicals for plasma powers higher than 

12 W. The heat conversion coefficient, figure 86, is too high. It drops down with increasing plasma 

power but stays above 100%. 

Almost all results from the calibration experiments show a ramp in the O3 concentration for low 

plasma powers. The increase in plasma power results in more particles being generated by the plasma. 

At some point, increasing the plasma power does not result in more particles being generated. An 
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explanation might be that the increasing plasma power does generate more particles, but that the 

concentration becomes so high that they immediately recombine with themselves. In other words, 

the recombination rate is expected to be in the same order as the generation rate of reactive particles, 

resulting in a constant net concentration of particles being generated by the plasma despite increasing 

the plasma power. The model does not account for the fast recombination processes that occur in the 

plasma, but uses the net concentration of particles that are generated in the plasma as an input. 

Therefore the boundary concentration needs to be modelled as a constant for higher plasma powers, 

as can be seen in the model calibration at room temperature.  

At higher temperatures, the generation of particles also increases with increasing plasma power, and 

becomes stable for higher plasma powers, for the same reasons as discussed above. Ozone becomes 

more unstable with increasing temperature and the calibration experiments show indeed that the 

ozone concentration drops. The instability of ozone is included in the chemical reactions used in the 

model, chemical reactions R27, R28, R30, R31, R45, and R134 shown in Appendix A, all account for 

faster reactions concerning recombination of ozone, or slower reactions concerning the formation of 

ozone, with increasing temperature. The model calibration however, shows that the model does not 

correctly account for lower ozone concentrations at higher temperatures, but this needs to be 

implemented by lowering the boundary concentration of reactive species. This indicates that the 

model is incomplete. During the calibration experiments, the ozone is measured approximately 1 

meter away from the plasma source, which grants the ozone enough time to stabilize. In the model, 

the ozone concentration is measured directly at the exhaust area. The model with an O2-N2 plasma 

gas and without a central gas with a plasma power of 6 W at an oven temperature of 100 °C shows a 

reaction rate for R134, the decay reaction for ozone, of 4.45·1012 cm-3·s-1, which indicates indeed that 

the ozone concentration has not been stabilized yet. 

Further, at an oven temperature of 100 °C it is observed that the ozone concentration decreases. This 

does not mean that the boundary concentration of particles also decreases. Since only the ozone 

analyser was available, other stable species could not be measured, see chapter “Recommendations 

for future works” for further comments. Since ozone is becoming unstable for temperatures in the 

order of 100 °C and higher, it is not possible to calibrated the boundary concentration of N, N2(A), and 

O by measuring ozone concentrations. Therefore, the boundary concentrations will be based on the 

calibration done at room temperature. So, for further modelling at an oven temperature of 100 °C, 

the measured plasma power will determine the boundary concentrations using the dependence 

determined at room temperature. 

The heat conversion coefficient is expected to remain constant with increasing plasma power [33], yet 

the model calibration shows a ramp for most of the heat conversion coefficient for low plasma powers 

which stabilizes towards a constant value for higher plasma powers. Experimentally, all measurements 

have started with the lowest plasma power setting, and have been increased step by step so that the 

source only has to heat up and doesn’t have to cool down. It took a long time for the plasma source 

to reach a stable temperature, and measurements have been started with the temperature still rising 

gradually, around 0.1 °C per minute. The temperature that has been measured at the corresponding 

plasma power is too low, which results in a low heat conversion coefficient in the model to 

compensate for this.  

During the calibration experiments using a gas mixture of O2-N2 without a central flow at room 

temperature, plasma powers are measured which are about twice as high as during the calibration 

experiments using a gas mixture of O2-N2 with a central gas. The high plasma power results in a 

calibrated heat conversion coefficient of 30%, figure 80, while the heat conversion coefficient of the 

other cases with the use of a central gas at room temperature is calibrated around 60%, figures 76 
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and 84. A heat conversion coefficient around 60% is expected [33], and therefore the plasma power 

measurements during the case without a central flow are assumed incorrect. 

At an oven temperature of 100 °C, defect in the heat conversion coefficient can be observed where 

the heat conversion coefficient is larger than 1. The gas has been heated prior to entering the source 

using an Isopad hose, the temperature of the gas has been measured at the outlet of the plasma 

source with the plasma turned off. This temperature is used as an imposed gas temperature at the 

inlet of the model. In reality, the source heats up due to the plasma, which heats the gas flowing 

through the source. Since the model only represents part of the plasma source, the inlet gas 

temperature used in the model is therefore too low. To compensate, the model takes on higher values 

for the heat conversion coefficient than expected.  
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Model applications 
The Gen-2 and Gen-3 models have been calibrated and the numerous applications for which the model 

can be used are too many to discuss. Therefore a few cases focused on Al2O3 deposition application 

will be highlighted and treated in detail. Firstly, deposition experiments will be compared with 

simulations on the deposition of Al2O3, to see how the model matches experimental deposition 

results. Secondly, the O2-N2 chemistry is investigated more in-depth with relation to the percentage 

oxygen used in the O2-N2 plasma to find an explanation why deposition experiments on the POP-2 

tend to go better with low percentages of oxygen than high percentages. Finally etching experiments 

have been performed on carbon samples with a pure nitrogen plasma to visualize where the reactive 

particles are being transported to by the gas flow, and where they react on the substrate. 

Oxygen radical flux for deposition of alumina 

POP-2 experiments are done with 6 inch silicon wafers where a layer of Al2O3 is deposited using 

various settings. An example wafer is given in figure 31, where a layer of deposited Al2O3 can be 

observed. The wafer is treated with a down-flow gas mixture of 2% O2-N2 and a pure N2 plasma as 

top-flow gas, both with a gas flow of 1 slm per plasma channel. 

 

Figure 31 – Deposited layer of alumina after 650 cycles 

ALD is a self-limiting process because available surface sites become saturated during each cycle, 

preventing further grow. Experimentally, a maximum GPC of 0.17 nm is observed. With increasing 

radius, a larger circumference is treated with the same oxygen radical flux. At some point the 

circumference is too large, and the monolayer isn’t saturated anymore and the GPC decreases. Figure 

31 shows a saturated layer of alumina at small radii because no color gradient is observed there. With 

increasing radius, the GPC decreases and the layer of alumina is unsaturated. The alumina layer can 

be analyzed using a “Woollam M2000 rotating compensator” ellipsometer, and at a certain radius the 

GPC can be determined. Using equation 9 an estimated flux of oxygen radicals needed to reach this 

GPC can be determined, which has to be corrected using equation 10. The corrected estimated flux 

can then be compared to a modelled flux. 

The experiment on the POP-2, result in figure 31, has been performed with a down-flow gas mixture 

of 2% O2-N2 plasma and a pure N2 plasma as top-flow, both with a gas flow of 1 slm per plasma channel. 

No central flow has been used. A substrate gap of 200 µm, plasma power of 16.2 W, and oven 
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temperature of 125 °C have been used. The wafer rotates with 60 rpm for 650 cycles. At a radius of 

40 mm, a GPC of 0.11 has been measured. The flux needed to reach this GPC can be estimated using 

equation 9. With the correction from equation 10 applied, this results in an estimated flux of 1.55·1016 

cm-2·s-1. 

A simulation has been done using the same experimental settings as described above. The boundary 

concentrations have been determined from figure 79, using a plasma power of 16.2 W. The heat 

conversion coefficient has been determined to be 45% by extrapolating  82. The substrate velocity is 

set so that it matches the experimental wafer conditions at a radius of 40 mm.  

 

Figure 32 – Velocity profile in m/s 

 

Figure 33 – Oxygen radical concentration in cm-3. White area is not modelled 
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Figure 34 – Flux of oxygen radicals towards the substrate in cm-2·s-1 

Figure 32 gives the velocity profile for a down-flow gas mixture of 2% O2-N2 and pure N2 top-flow both 

with a gas flow of 1 slm per channel. No central gas flow is used. The gas flow is pushed towards the 

substrate directly below the right side of the source outlet. Figure 33 shows that the concentration of 

oxygen radicals depends heavily on the velocity profile. The concentration decreases through gas-

phase and surface recombination, and substrate reactions. The location where the flow is pushed 

towards the substrate directly below the right side of the source outlet, the flux shows its peak 

indicating that pushing the oxygen radical gas flow towards the substrate grants an increase in the 

flux. The use of pushing the gas flow towards the substrate is discussed further in the chapter 

“Recommendations for future works”. The flux of oxygen radicals towards the substrate decreases as 

the substrate length increases due to the loss of oxygen radicals through recombination and substrate 

reactions. 

The rotation of the wafer ensures an equal delivery of oxygen radicals on the substrate despite the 

flux profile, and the flux profile can therefore be averaged over the modelled substrate length, which 

is 0.95 cm. The average modelled flux is 1.19·1016 cm-2·s-1. Which is in the same order as the corrected 

estimated flux, which is 1.55·1016 cm-2·s-1. This indicates it is possible to predict an outcome for the 

GPC during the deposition of Al2O3, within the limitations of the model. 
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Investigation of O2-N2 chemistry 
The percentage of oxygen used in the O2-N2 gas mixture influences the dominant chemical reactions 

in the generation and loss of oxygen radicals. Since oxygen radicals play a dominant role in the 

deposition of Al2O3, it is of importance that the chemistry in the downstream of an O2-N2 plasma is 

investigated more in-depth. 

 

Figure 35 – Influence of the percentage O2-N2 on the GPC 

Al2O3 deposition experiments on the POP-2 show that a better GPC  is reached when using lower 

amounts of oxygen, figure 34. Simulations have been done to investigate what chemical reactions 

dominate in multiple areas of the model, the oxygen radical concentration per area, the loss of oxygen 

radicals in terms of surface recombination per area, and the flux of oxygen radicals towards the 

substrate in terms of deposition of Al2O3.  

 

Figure 36 – Investigated areas highlighted in red, yellow, and green 

Three areas that are investigated are given in figure 36. The plasma channel area in red, the reactor 

area in yellow, and the substrate area in green. Simulations have been done with the Gen-3 plasma 

source at a plasma power of 1.15 W. The oven temperature is set to 100 °C, the boundary 

concentrations of N, N2(A), and O are 1013 cm-3, 1012 cm-3, and 5·1012 cm-3 respectively. The heat 

conversion coefficient has been set to 60%. These settings are obtained from the model calibration. 

The boundary concentrations are assumed constant with increasing amounts of O2. Increasing the 
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amount of O2 should not necessarily result in more O radicals being generated, since a plateau will be 

reached for the amount of particles that can be created in the plasma. At some point more reactive 

species being created will only lead to more recombination in the plasma and the net amount of 

particles will remain constant as a result. The effect the O2% has on the boundary concentrations will 

be discussed further in the chapter “Discussion”.  

The results per area for the dominance of chemical reactions to the formation and loss of O radicals 

per second can be found in Appendix C in figures 51-62. Results are shown for 0.5%, 1%, 2% and 20% 

O2-N2 per area. The oxygen radical concentration, the amount of surface loss, and the flux of oxygen 

radicals towards the substrate, have been given per O2 concentration per area in figures 37, 38, and 

39. 

 

Figure 37 – Concentration of oxygen radicals per percentage O2 per area 

 

Figure 38 – Flux of oxygen radicals lost through surface recombination per percentage O2 per area 
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Figure 39 – Average flux of oxygen radicals towards the substrate per percentage O2 

As can be observed in figure 37, the concentration of oxygen radicals decreases with increasing 

percentage of O2 in the O2-N2 gas mixture for all areas. In the substrate area, where the deposition of 

Al2O3 takes place, the concentration of oxygen radicals proves more than four times lower for 

simulations with 20% O2-N2 than simulations with 1% O2-N2. The surface recombination for oxygen 

radicals is lower for higher percentages of O2 due to the lower oxygen radical concentration, figure 

38. This indicates that the amount of surface recombination is a result of the oxygen radical 

concentration, not the other way around. The flux of oxygen radicals towards the substrate decreases 

with increasing percentages of O2, figure 39. The decrease in surface recombination and deposition 

flux is directly related to the oxygen radical concentration because in the model this is the only 

parameter it depends on. The oxygen radical flux on the substrate for simulations with 20% O2-N2 is 

about three to four times lower than the oxygen radical flux at low O2 percentages. The same trend 

can be observed in figure 35, where the GPC for 0.5–2% O2-N2 is saturated at 0.16-0.17 nm. At 20% 

O2-N2 the GPC is only 0.13. The experimental trend is not as strong as the modelled trend, but the 

results are difficult to relate since the GPC for low oxygen percentages is saturated and does not yield 

information about the flux of oxygen radicals which have arrived at the substrate anymore.  

The lower amount of oxygen radicals in a gas mixture of 20% O2-N2 is a result of the chemical reactions 

which occur in the areas. A check on the dominant reactions regarding the formation and loss of 

oxygen radicals in the model has been done. Results can be found in Appendix C per O2% per area. 

The reactions are ordered on dominance.  

It can be observed that for all O2 percentages modelled, most of the oxygen radicals are generated in 

the plasma channel area because the reaction rates are 10-100 times higher in the plasma channel 

than in any other area. This is also confirmed by figure 37, where the highest oxygen radical 

concentration is observed in the plasma channel for all O2 percentages. For clarity the six most 

dominant reactions in the plasma channel concerning the formation and loss of oxygen radicals are 

summarized in table 9. 
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Table 9 – Most dominant reactions in the plasma channel concerning the formation and loss of oxygen radicals 

 

Table 9 shows that the formation of oxygen radicals for all O2% is dominated by the same three 

reactions, but with varying reaction rates. The three dominant reactions concerning the loss of oxygen 

radicals vary somewhat with increasing O2%, but chemical reaction R30 dominates for all O2%. As the 

O2 percentage increases, the formation of oxygen radicals increases but is also associated with 

increased loss of oxygen radicals. The reactions rates regarding the loss of oxygen radicals are in the 

same order as the reactions rates responsible for the formation of oxygen radicals, resulting in a lower 

net oxygen radical concentration in the plasma channel. At higher concentrations of O2-N2, more 

ozone is being created since more O2 is available. This also corresponds to experimental calibration 

results shown in the chapter “Results”, table 7, and figures 23 and 25, and in Appendix D, figures 63-

73 (odd figure numbers only).  

Table 10 – Most dominant reactions in the substrate area concerning the formation and loss of oxygen radicals 

 

Most of the oxygen radicals are generated in the plasma channel, but the generation of oxygen radicals 

in the substrate area is still significant. Table 10 shows that in the substrate area, most of the oxygen 

radicals are generated through chemical reactions R9 and R11. The formation of NO in the plasma 

channel, which is one of the dominant reactions regarding the loss of oxygen radicals in the plasma 

channel area, is dissociated to form oxygen radicals in the vicinity of the substrate, where they can 

react directly with the substrate despite their short life times. NO plays a significant role in the loss of 

oxygen radicals in the plasma channel, and in the formation of oxygen radicals in the substrate area, 

therefore the importance of the NO molecule is discussed further in chapter “Recommendations for 

future works”. As in all areas for all percentages of O2-N2, the formation of ozone through chemical 

reaction R30 proves the biggest loss factor in the gas-phase for oxygen radicals. 

R46 N2(A) + O2 → N2 + O + O 2.4·1017 R30 O + O2 + N2 → O3 + N2 2.9·1016

R47 N2(A) + O2 → N2O + O 7.4·1015 R16 N + O + N2 → NO + N2 3.8·1014

R9 N + O2 → NO + O 7.0·1015 R48 N2(A) + O → NO + N(2D) 2.5·1014

R46 N2(A) + O2 → N2 + O + O 3.7·1017 R30 O + O2 + N2 → O3 + N2 5.7·1016

R9 N + O2 → NO + O 1.4·1016 R31 O + O2 + O2 → O3 + O2 7.7·1014

R47 N2(A) + O2 → N2O + O 1.2·1016 R16 N + O + N2 → NO + N2 3.8·1014

R46 N2(A) + O2 → N2 + O + O 6.1·1017 R30 O + O2 + N2 → O3 + N2 1.1·1017

R9 N + O2 → NO + O 2.8·1016 R31 O + O2 + O2 → O3 + O2 3.0·1015

R47 N2(A) + O2 → N2O + O 1.9·1016 R32 O + NO + N2 → NO2 + N2 5.1·1014

R46 N2(A) + O2 → N2 + O + O 4.6·1018 R30 O + O2 + N2 → O3 + N2 6.6·1017

R9 N + O2 → NO + O 2.4·1017 R31 O + O2 + O2 → O3 + O2 2.2·1017

R47 N2(A) + O2 → N2O + O 1.4·1017 R32 O + NO + N2 → NO2 + N2 2.6·1015

1.0

2.0

20

Reaction Loss of O Average reaction rate [cm-3·s-1]

0.5

ReactionO2% Formation of O Average reaction rate [cm-3·s-1]

R11 N + NO → N2 + O 3.1·1015 R30 O + O2 + N2 → O3 + N2 8.7·1015

R9 N + O2 → NO + O 2.7·1015 R32 O + NO + N2 → NO2 + N2 9.4·1013

R46 N2(A) + O2 → N2 + O + O 1.5·1013 R16 N + O + N2 → NO + N2 5.8·1013

R9 N + O2 → NO + O 5.2·1015 R30 O + O2 + N2 → O3 + N2 1.6·1016

R11 N + NO → N2 + O 4.7·1015 R31 O + O2 + O2 → O3 + O2 2.2·1014

R72 O2(a) + O3 → O2 + O2 + O( 2.5·1013 R32 O + NO + N2 → NO2 + N2 1.4·1014

R9 N + O2 → NO + O 9.4·1015 R30 O + O2 + N2 → O3 + N2 2.8·1016

R11 N + NO → N2 + O 7.9·1015 R31 O + O2 + O2 → O3 + O2 7.6·1014

R72 O2(a) + O3 → O2 + O2 + O( 3.9·1013 R32 O + NO + N2 → NO2 + N2 3.7·1014

R9 N + O2 → NO + O 4.3·1016 R30 O + O2 + N2 → O3 + N2 6.3·1016

R11 N + NO → N2 + O 2.9·1016 R31 O + O2 + O2 → O3 + O2 2.1·1016

R72 O2(a) + O3 → O2 + O2 + O( 3.2·1015 R32 O + NO + N2 → NO2 + N2 3.9·1014
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Etching of amorphous carbon with a pure N2 plasma 
The gas flow determines for the most part where the reactive species are transported during 

deposition experiments. Visualizing the flow of reactive particles grants information about the life 

time of those particles, and where the bulk of the reactive species is located. Visualizing the flow of 

reactive particles is done by etching amorphous carbon samples with nitrogen radicals. The gas flow 

transports the nitrogen radicals towards the substrate where they etch away carbon atoms resulting 

in a pattern being etched in the amorphous carbon sample. Not much in known about the etching of 

amorphous carbon with nitrogen radicals because the amorphous carbon layer is per definition 

unstructured. Nitrogen radicals react with the carbon atoms forming a volatile product. Experiments 

on the etching of amorphous carbon with a pure N2 plasma have been performed to investigate the 

velocity profile and the life time of nitrogen radicals. The results of the experiments will be compared 

to the simulated results to investigate if the processes regarding transport and life time are 

implemented in the model correctly. 

The experiments have been performed using the tube-oven and the Gen-2 source at room 

temperature. Microscope slides of 24x70 mm covered with an amorphous carbon coating of 40 nm 

have been etched using a pure nitrogen plasma operated with a plasma power of 8.25 W. The carbon 

samples have been etched at different gap distances, and multiple treatment times. After etching, 

samples have been scanned with a Canon CanoScan 9000F Mark II. The images have been converted 

to a grayscale image with a custom Matlab script and the transmission is determined. If compared to 

a reference sample without a coating, the relative transmission can be used as a measure for the 

amount of carbon etched. The amount of carbon that has been etched is given as a dimensionless 

number relative to the reference sample rather than nanometers, because the images show artifacts, 

figure 40, due to the scanner which made the analysis of transmission through grayscale too 

inaccurate to pinpoint an exact etch pattern in nanometers. The data, however, can still be used to 

determine trends in the etch pattern, and can be compared to modelling data.  

 

Figure 40 – Artifacts on a carbon sample etched at 150 µm for 360 seconds in false colour.  

Figure 40 shows artifacts observed on an etched carbon sample. The blue spots are dust particles, the 

stripes is an interference pattern caused by the scanner. Not all samples are distorted by the artifacts, 
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but if they are, a distortion can be seen in the etch pattern. The Matlab script takes the average 

grayscale value over the Y-axis, so the dust particles show little influence if the amount of dust 

particles in not too numerous. The stripes only show a large distortion if they are positioned vertically 

since then a wavy pattern can be observed over the X-axis. Stripes which are positioned horizontally 

only distort the grayscale slightly, since they more or less average out. 

 

Figure 41 – Etch pattern at a gap distance of 150 µm for multiple treatment times 

 

Figure 42 – Etch pattern at a gap distance of 300 µm for multiple treatment times 
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Figure 43 – Etch pattern at a gap distance of 450 µm for multiple treatment times 

Figures 41-43 show the relative etch depth for different gap distances at multiple treatment times. 

The influence of the striped artifacts can be observed in the etch pattern of a sample etched at 300 

µm for 240 seconds, and in the etch pattern of a sample etched at 450 µm for 360 seconds. These 

samples show stripes which are positioned vertically, and a wavy distortion can be observed in the 

etch pattern. Two peaks can be observed as a result of the flow-profile of the gas. Because the Gen-2 

is a symmetrical source, the gas flow separates equally at the source outlet creating a stagnant area 

where it is harder for the nitrogen radicals to reach the surface. The peaks are located around ±0.3 

mm from the source outlet, which corresponds with the edges of the source outlet, located at ±0.25 

mm. The amount of carbon etched is decreasing with increasing substrate gap which means that the 

flow profile and/or the life time of the nitrogen radicals influences the etch rate. The etch depth 

increases almost linear with treatment time which proves that the supply of nitrogen radicals is 

constant through time.  

Modelling on the etching of amorphous carbon with nitrogen radicals has been done, and because the 

supply of nitrogen radicals appears constant through time, a comparison can be done with the steady-

state model. Simulations have been done at the same substrate gaps and plasma power. Because the 

amorphous carbon coating is unstructured in terms of chemical bonding, the precise surface reactions 

with nitrogen radicals are not known. A reaction probability for the etching of amorphous carbon by 

nitrogen radicals of 0.1 has been assumed and only observed trends will be compared. Modelling 

results with a substrate gap of 150 µm will be shown here, other results can be found in Appendix F. 
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Figure 44 – Velocity profile in m/s for a substrate gap of 150 µm 

 

Figure 45 – The concentration of nitrogen radicals in cm-3 for a substrate gap of 150 µm 

 

Figure 46 – The flux of nitrogen radicals on the substrate in cm-2·s-1 for a substrate gap of 150 µm 

The velocity profile for a substrate gap of 150 µm is given in figure 44. The high velocities and small 

width of the plasma channel and substrate gap force the flow to bend outwards towards the exhaust 
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resulting in a stagnant area directly beneath the source outlet. The high velocities force the flow onto 

the substrate directly below the edges of the outlet and high gradients in the velocity profile can be 

observed. Figure 45 gives the concentration of nitrogen radicals and in greatly influenced by the 

velocity profile. The particles follow the velocity profile and decrease in concentration because of gas-

phase recombination and surface reactions both on the bottom of the plasma source and on the 

substrate. The concentration at the substrate is highest directly below the source outlet because the 

gas is forced onto the substrate due to the high velocities. The concentration at the substrate in the 

middle of the source, at the stagnant area is lower than directly below the edge of the source outlet, 

but still higher than in the exhaust area, which proves that diffusion plays a significant part in the etch 

process. Figure 46 shows the flux of nitrogen radicals on the substrate. Since the model is a steady-

state model, the flux of nitrogen radicals on the substrate will determine the shape of the etch profile.  

Increasing the substrate results in a larger distance for the nitrogen radicals to cover to reach the 

substrate, resulting in less nitrogen radicals reaching the substrate due to gas-phase recombination, 

see figures 88 and 91. The increased substrate gap also accounts for more room for the velocity profile 

to develop. Therefore the two separate gas flows are able to reach each other taking on a velocity 

profile which more and more resembles a jet, figures 87 and 90. The increased distance results in a 

decreasing stagnant area directly below the source outlet and the concentration of nitrogen radicals 

form a single front. The dip between the two peaks observed in the flux of nitrogen radicals on the 

substrate disappear and a single peak is formed, figures 89 and 92. The total flux of nitrogen radicals 

on the substrate decreases with increasing substrate gaps. 

Because the reaction probability has just been assumed as 0.1, a sensitivity analysis has been done by 

varying the reaction probability to 1, 10-2, and 10-3. Results are shown in figures 93-95. The results 

show that the reaction probability shows only little influence on the flux of nitrogen radicals on the 

substrate because the high concentration of nitrogen radicals ensures etching anyway, despite the 

reaction probability; if one nitrogen radical doesn’t react, another will. The slight decrease in the flux 

does not interfere with the trends that are being observed.  

When the experimental results given in figures 41-43, are compared with the modelled results, figures 

46, 89, and 92, it can be observed that the total amount of nitrogen particles reaching the substrate 

decreases with an increasing substrate gap. Also, in the modelled flux of nitrogen radicals on the 

substrate, the peaks are observed at ±0.25 mm for substrate gaps of 150 µm and 300 µm, what 

corresponds with experimental data, where the peaks are observed at ±0.3 mm. At a substrate gap of 

450 µm, the modelled flux of nitrogen radicals on the substrate shows only one peak in the middle of 

the outlet. Since the location of the two peaks is mostly determined by the flow profile, the 

correspondence in the location of the peaks indicate that the use of the “Laminar flow” module 

simulates a velocity profile which is correct for this application at smaller gap distances.  

The modelled results show that the dip between the two peaks in the flux of nitrogen radicals vanishes 

with increasing substrate gap. The effect is also seen in the experiments, although not so extreme as 

in the modelled results for a substrate gap of 450 µm. The flux of nitrogen radicals on the substrate 

depends on the concentration of nitrogen radicals in the vicinity of the substrate. The disappearing of 

the dip is thus a result of a too high concentration of nitrogen radicals directly below the source outlet. 

This deviation indicate that at larger substrate gaps, the velocity profile is becoming inaccurate. 

Instead of remaining separated, the two gas flows start forming a jet which results in a too small 

stagnant area. Therefore concentrations in the middle of the source outlet are too high, and one broad 

peak is observed in the flux rather than two peaks. 
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Further, experiments show that ±2 mm from the middle of the source outlet, no etching is observed. 

This corresponds with modelled results for gap distances of 150 µm and 300 µm, where almost no flux 

is observed around ±2 mm from the middle of the source. The results from the simulation with 450 

µm gap distance show a nitrogen radical flux on the substrate up to ±3.5 mm. This correspondence 

indicate that the model takes the recombination of nitrogen radicals into account for smaller substrate 

gaps. At larger substrate gaps, the modelled results deviate from experimental results presumably 

because the flow profile is inaccurate at larger gaps. 
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Model limitations and discussion 
While the model proves valuable in the prediction of experimental results, there are some results 

which raise suspicion about the accuracy of the model. Besides the uncertainties, it is unclear for some 

processes if, and how, they should be implemented in the model. This chapter indicates the limitations 

of the model and discusses the importance of various processes.  

THE INFLUENCE OF GAS FLOW 

The simulations in this work are all done with a gas flow of 1 slm per plasma channel, with the 

exception of the investigation of a push gas discussed in the chapter “Recommendations for future 

works”. The sensitivity analysis proves that the generation of ozone, and oxygen radical flux towards 

the substrate depend linearly on the gas flow. For gas flows in the order of 1 slm, this can be correct 

since the increased velocity reduces the time for ozone to be formed, and increases the amount of 

oxygen radicals transported to the substrate. However, the linear dependence is also seen for higher 

gas flows, which is questionable. In reality, oxygen radicals are expected to be created in the gas-phase 

close to the dielectric surface. The increase in gas flow does transport oxygen radicals faster, but the 

increased velocity also decreases the time for generation of oxygen radicals. At some point, the 

increase in velocity should show an influence. The model assumes a constant boundary concentration 

independent of any parameters, including gas flow. This crucial difference between reality and 

simulation is important to keep in mind when using the model to predict experimental outcomes. The 

model is calibrated for plasma power at 1 slm per plasma channel and small variations in the gas flow 

are permitted. It is unclear at what gas flow the model deviates from reality, and the use of higher gas 

flows in the model should therefore be calibrated more in-depth. 

INFLUENCE OF OXYGEN PERCENTAGE ON BOUNDARY CONCENTRATIONS 

In the chapter “Model applications” under “Investigation of O2-N2 chemistry”, the boundary 

concentrations of N, N2(A), and O have been kept constant. It is unclear how the boundary 

concentrations behave under the variation of the oxygen percentage used. For now, it is assumed that 

increasing the amount of oxygen has no effect on the production of oxygen radicals. While O2 is the 

source for oxygen radicals in reality, increasing the O2 concentration might increase the amount of 

oxygen radicals produced. However, the increased concentration of oxygen radicals also supplies 

more opportunities to directly recombine. It is therefore assumed that the increase of O2 

concentration has no influence on the net production of oxygen radicals in the plasma. This plateau in 

the net production of species is also seen during the calibration of the model. The net production of 

N and N2(A) is also assumed to be in a plateau, and does not decrease with decreasing N2 

concentration due to the increase of O2 concentration.  

Modelling results for simulations with the assumption of a constant boundary concentration for N, 

N2(A), and O with increasing O2 percentage, match the experimental results, chapter “Model 

applications” under “Investigation of O2-N2 chemistry”. This indicates that the assumption is accurate 

enough to represent the reality. To investigate the influence of the O2 percentage on the boundary 

concentrations, a more in-depth calibration is advised where, besides the concentration of O3, also 

NO, and NO2 concentrations are measured using a NOx analyzer. 

DEPOSITION OF ALUMINA BY OZONE 

Discussable is that ozone might prove a significant role in the deposition of Al2O3 
[7] at higher 

temperatures. The sensitivity analysis indicates a significant increase in flux of oxygen radicals towards 

the substrate when suggested reaction probabilities for deposition by ozone [6] are used. Although no 
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elaborated data was available, it could be observed visually if a layer is deposited or not. POP-2 

deposition experiments with a DCA gas mixture as plasma gas at temperatures below 100 °C did not 

result in an alumina layer being deposited, which can be explained by the limited generation of oxygen 

radicals at high O2 percentages, as shown in the chapter “Model applications” under “Investigation of 

O2-N2 chemistry”. Experiments at temperatures higher than 100 °C do show a deposited layer of 

alumina which indicates that the deposition of alumina at higher temperatures is dominated by ozone. 

Because the production of oxygen radicals is insufficient and high concentrations of ozone are present. 

Ozone concentrations could still be measured indicating that ozone is still stable. It is expected that 

the ozone molecule dissociates into an oxygen radical and an oxygen molecule when colliding with 

the hot substrate. Since the reaction probability for ozone appears to be temperature dependent, 

more experiments are needed to determine an expression for the deposition by ozone before it can 

be used in the model.  
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Conclusions 
Two models concerning the Gen-2 and Gen-3 plasma sources have been created, and the gain and 

loss processes of oxygen radicals during their transport towards the substrate have been visualized by 

simulating profiles of the oxygen radical concentration and the flux of oxygen radicals towards the 

substrate, under various conditions. A thorough investigation on the gain and loss processes, and 

other assumptions made it possible to model the transport of oxygen radicals.  

A set of chemical reactions, developed, calibrated, and widely used in ozone generation models, is 

used to simulate the O2-N2 chemistry. An in-depth investigation on the chemistry is done in the chapter 

“Model applications” and shows a lot of insight in the dominant reactions regarding the formation and 

loss of oxygen radicals in multiple areas.  

Increasing the O2 percentage results in a decrease of oxygen radical flux towards the substrate which 

is direct result of the increased losses of oxygen radicals by O2 towards ozone when more O2 is present 

in the system. The decrease in the oxygen radicals flux towards the substrate with increasing O2 

percentage observed in simulations corresponds to experimental results and therefore indicates that 

the set of chemical reactions includes the necessary dominant reactions concerning the gain and loss 

of oxygen radicals, and proves sufficient for use in the model. 

The plasma itself is not modelled but is represented as a boundary concentration of reactive species 

at the dielectric surface. The creation of reactive species during the discharge of the plasma is 

incredibly complex and occurs at such small time-scales, that it becomes too complicated to include 

the process in the model.  The use of a time-constant boundary concentration of the species N, N2(A), 

and O proves adequate to replace the plasma providing that the model is correctly calibrated on 

experiments. The calibration of the model results in a boundary concentration for N, N2(A), and O in 

the order of 1013-1014, which matches N, N2(A), and O concentrations observed in other works [8] [29] [30] 

[31] [32]. 

The chapter “Model applications” compares modelling results to experimental results for three cases. 

In all cases the observed trends match, indicating that the substitution of the plasma by a boundary 

concentration of reactive species is possible to predict experimental outcomes. 

The model is calibrated with a gas flow of 1 slm per plasma channel, a gas mixture of 1% O2-N2, and 

with oven temperatures of 25°C and 100 °C. The ozone concentration is measured to link the amount 

of reactive species produced in the plasma to the applied plasma power. At higher temperatures 

ozone becomes unstable and decreases in concentration. The decrease in ozone concentration 

renders it impossible to yield information on the production of reactive species in the plasma. The 

calibration at higher temperatures is therefore insufficient and it is required to re-do a calibration at 

higher temperatures by measuring the concentration of other species like NO and NO2 by using a NOx 

analyser. 

The calibration on the heat conversion coefficient at room temperature results in values around 60-

70% which is in accordance with recorded values for DBDs [33]. The case of a gas mixture of O2-N2 

without a central gas results in a heat conversion coefficient of 30% which is the result of a measured 

plasma power which is presumably too high. The calibration of the case without a central gas is 

therefore assumed inaccurate and has to be done over. The calibrated heat conversion coefficient at 

an oven temperature of 100 °C is in all cases too high and in some cases even higher than 1. The gas 

is pre-heated using an Isopad hose and the gas-inlet temperature has been measured while the plasma 

was turned off. This temperature is used as an input in the model. During experiments, when the 
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plasma is turned on, the gas is already heated before reaching the plasma due to conduction inside 

the plasma source. Since the model only simulates a portion of the plasma source, this is not taken 

into account. The gas-inlet temperature is too low compared to reality which results in a heat 

conversion coefficient which is too high. This problem can be solved by modelling the source as a 

whole instead of partially. 

The sensitivity analysis on the model shows what model parameters have an influence on the 

production of ozone and the flux of oxygen radicals towards the substrate. The results of the sensitivity 

analysis corresponds with trends observed during experiments. The boundary concentration of 

reactive species shows the largest influence on both the generation of ozone and the flux of oxygen 

radicals towards the substrate. This is also seen experimentally through the applied plasma power, 

since the plasma power also increases the amount of reactive species created in the plasma, up to a 

certain threshold. The influence of the gas flow is also seen both in the sensitivity analysis and 

experiments. Although not mentioned in this work, orienting experiments on the tube-oven, and 

deposition experiments on the Pop-2, which could not be analysed in detail, show a great influence 

on gas flow. The percentage of oxygen used in the gas mixture flowing through the plasma shows 

great influence both on the generation of ozone and on the flux of oxygen radicals towards the 

substrate. The calibration experiments show an almost linear dependence on ozone generated when 

increasing the O2 percentage, which is also seen in the sensitivity analysis.  

An in-depth investigation is done in the chapter “Model applications” considering the matching 

between experiments and simulations. Under “Measured and modelled deposition of Al2O3” a 

comparison is made between the modelled flux of oxygen radicals towards the substrate, and an 

estimated flux of oxygen radicals needed to form a layer of Al2O3 with a certain GPC. For a measured 

GPC of 0.11 nm, a flux is of 1.55·1016 cm-2·s-1 estimated, while the model simulates a flux of 1.19·1016 

cm-2·s-1. The modelled flux matches the estimated flux surprisingly accurate considering the numerous 

assumptions that have been made. The match indicates that the model is able to predict trends in the 

oxygen radical flux, and maybe even absolute values, although only one experimental set have been 

matched. 

Under “Investigation of O2-N2 chemistry”, it becomes clear that the reactions considering the 

formation a loss of oxygen radicals in the plasma channel are dominated by reaction R46 for the 

formation, and reaction R30 for the loss. In the substrate area, the formation is dominated by 

reactions R9 and R11, and the loss by reaction R30. The formation of ozone is the biggest loss for 

oxygen radicals in all areas in the model. When increasing the O2 concentration, the reaction rates 

considering the loss of oxygen radicals are in the same order as the reaction rates considering the 

formation of oxygen radicals. This results in a lower net amount of oxygen radicals generated, and 

thus a lower flux of oxygen radicals towards the substrate. This is also observed during experiments 

on the POP-2 where a decrease in GPC is observed with increasing O2 percentage, figure 35. 

The case “Etching of amorphous carbon with a pure N2 plasma” investigates the life time of reactive 

species and at what location most of the radicals react. The reaction probability for nitrogen radicals 

to react with the amorphous carbon has assumed to be 0.1. A sensitivity analysis shows that value of 

the reaction probability shows little influence. When the nitrogen radical fails to react, the high 

diffusion coefficient enables the particle to try again and again some distance further until the 

nitrogen radical has reacted. Also the high concentration of nitrogen radicals reaching the substrate 

ensures reactions anyway, because if one radical doesn’t react, another will. The profile of the 

modelled flux of nitrogen radicals towards the substrate determines where most of the etching takes 

place, and the width of the profile yields information on the life time of the nitrogen radicals in terms 

of how far they are able to travel before they have all reacted with the substrate, or are lost in the 
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gas-phase due to recombination. A comparison between the modelled flux of nitrogen radicals 

towards the substrate and the etch profiles obtained from treating amorphous carbon samples with 

a pure nitrogen plasma show remarkable similarities between the two profiles. The shape of the etch 

profiles and modelled flux profiles both show two peaks, at ±0.3 mm and ±0.25 mm respectively, 

where most of the etching has taken place. The dip, observed both experimentally and in simulations, 

is the results of a stagnant area in the gas which results in less radicals reaching the substrate. 

Increasing the substrate gap decreases both the amount of carbon etched, and the modelled flux of 

nitrogen radicals towards the substrate. Although for larger gaps the model shows deviations, for the 

two peaks become one. This occurs because the model simulates a velocity-profile which more and 

more resembles a jet with increasing substrate gap, rather than two separate flows. At a distance of 

± 2mm, the amount of etching decreases towards zero, which is also observed in the modelled flux 

for substrate gaps of 150 µm and 300 µm. For a substrate gap of 450 µm, the resemblance deviates 

due to the jet being modelled at increased substrate gaps. 

Numerous assumptions have been made to create the Gen-2 and Gen-3 models. By investigating every 

assumption in-depth, the gain, loss, and transport processes of oxygen radicals have been visualized. 

Despite being rough models, comparing simulated cases with experimental results proves that it is 

possible to predict trends in the dependence of modelling parameters, predict experimental outcomes 

in terms of Al2O3 layer growth, and predict if certain combinations of gas mixtures and gas flows are 

worth investigating more in-depth, provided that the model parameters do not deviate too much from 

the values for which the model is calibrated. A more extended calibration including the gas flow, 

oxygen percentage and oven temperatures, while measuring more stable species like NO and NO2, 

renders it possible to use the model to a wider extent. 
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Recommendations for future work 
There is always room for improvement in the model, and as for experimental work, numerous options 

are possible, but not all have been explored. Some notable ideas are discussed which might turn out 

valuable for future work. 

INCLUDE EXCITED STATES AS BOUNDARY CONCENTRATION 

Only the species N, N(A), and O have been included as a boundary concentration, while the sensitivity 

analysis indicates that the addition of excited states N(2D), N(2P), O(1P), and O(1S), increases the flux 

of oxygen radicals towards the substrate. It is important that for an improved model, it has to be 

investigated if the boundary concentration of these excited states has to be included, and if so, with 

what concentration. This can be done via a more extended calibration, measuring the concentration 

of more stable species. It is possible to measure a wider extent of stable species like NO and NO2. Also, 

when measuring the concentration of multiple species instead of only ozone, a more accurate 

calibration can be repeated regarding N, N2(A), and O. 

PLASMA INTENSITY AT DIELECTRIC TIP 

The plasma intensity is assumed to play a role in the production of reactive species in the plasma. For 

now it has been assumed that the boundary concentration of N, N2(A), and O is halved at the tip of 

the dielectric, based on visual information. A more in-depth analysis can be performed by measuring 

the intensity of the emitted light of the plasma at the tip of the dielectric, and use this as a measure 

for the decrease in boundary concentration of species at that location. The sensitivity analysis shows 

that the boundary concentration at the tip of the dielectric is significant and should be implemented 

more accurately. 

USING THE TOP-FLOW AS A PUSH GAS 

Modelling results show that at the location where the gas flow pushes to oxygen radicals closer to the 

substrate, the highest oxygen radical flux towards the substrate is observed. Orienting experiments, 

not shown in this work, indicate that using two different gas flows in the plasma channels can increase 

the oxygen radical flux, especially when the top-flow is larger than the down-flow. The top-flow pushes 

the gas towards the substrate decreasing traveling distance for oxygen radicals. The use of a top-flow 

larger than the down-flow is henceforth called the use of a push gas. For the Gen-3 source, the top-

flow and down-flow meet at the source outlet, and exit via the right exhaust. The increase of the top-

flow results in the down-flow being pushed towards the substrate, and therefore also the boundary 

layer between the two flows. The oxygen radicals in the down-flow, or at the boundary layer, will be 

pushed towards the substrate due to the top-flow as push gas decreasing traveling distance towards 

the substrate for the oxygen radicals. Modelling results are shown in Appendix G and will be discussed. 

Simulations have been done with a gas mixture of 1% O2-N2 for both the down-flow and top-flow, at 

0.5 slm and 2 slm respectively. No central flow has been used. A substrate gasp of 200 µm, plasma 

power of 16.2 W, and oven temperature of 100 °C is used. A heat conversion coefficient of 45% is 

taken, and boundary concentrations determined from figure 79 at 16.2 W are used. Figure 96 shows 

the velocity profile where it can be observed that top-flow pushes the down-flow further to the 

substrate then when a gas flow of 1 slm in both channels is used. Figure 97 gives the streamline profile 

where the boundary layer can be seen in more detail. It is seen that the boundary layer is located at a 

height of 1/5 of the substrate gap since the down-flow contains 1/5 of the total gas flow. The increased 

velocity results in the nitrogen and oxygen radicals spreading farther over the substrate, figures 98 

and 99, which can also be seen in the oxygen radical flux on the substrate, figure 100. The average flux 
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is determined at 1.34·1016 cm-2·s-1, which is higher than the average flux when a gas flow of 1 slm per 

channel is used with the same settings. 

The oxygen radicals located in the top-flow do not add to the flux of oxygen radicals towards the 

substrate, but recombine through surface recombination or gas-phase recombination and are lost. 

Using a pure N2 gas in the top-flow might prove useful, since the oxygen radicals are not expected to 

add towards the deposition. Also the O2 in the top-flow only adds more possibilities for oxygen radicals 

in the boundary layer to recombine towards ozone. Finally, nitrogen radicals produced in the top-flow 

will effectively dissociate O2 when the two gas flows meet at the boundary layer. Simulation results 

using a down-flow with a gas mixture of 1% O2-N2, and a pure N2 top-flow with 0.5 slm and 2 slm 

respectively can be found in figures 101, 102, and 103, and represent the nitrogen radical 

concentration in cm-3, the oxygen radical concentration in cm-3 and the flux of oxygen radicals towards 

the substrate in cm-2·s-1 respectively. The velocity and streamline profiles are the same as in the 1% 

O2-N2 case. It can be seen that more nitrogen radicals reach the boundary layer, and dissociate O2 

more effectively, creating a high concentration of oxygen radicals in the boundary layer. The top-flow 

as a push gas pushes the oxygen radicals close to the substrate resulting in a higher average flux of 

oxygen radicals towards the substrate, 1.69·1016 cm-2·s-1. 

The use of different gas flows and gas mixtures proves that it can increase the flux of oxygen radicals 

on the substrate. Experimenting with these settings might show some interesting results which can 

be used during deposition experiments. 

NO AS A CENTRAL GAS 

The Gen-3 plasma source provides numerous options in terms of combining different gas mixtures 

and used multiple gas flows. The chapter “Model applications” under “Investigation of O2-N2 

chemistry”, it has been concluded that in the plasma channel a large amount of NO is generated, which 

becomes a source for oxygen radicals in the substrate area, where the dissociation of NO via chemical 

reaction R11 leads to locally produced oxygen radicals just above the substrate. Using a pure N2 plasma 

and a central gas mixture of 1% NO/N2 in combination with the use of a push gas might prove an 

interesting case in terms of oxygen radical flux towards the substrate. The use of NO instead of O2 

decreases the recombination of oxygen radicals to ozone significantly and may result in result in better 

alumina deposition than with a 1% O2-N2 gas mixture. 

Simulation have been performed at an oven temperature of 100 °C and boundary concentrations of 

5·1015 and 5·1014 for N and N2(A) respectively. The central gas flow is set to 0.5 slm, the left and right 

plasma gas flows have been set to 1 and 3 slm respectively. Modelling results can be found in Appendix 

H. The velocity profile in figure 104 shows the effective use of a push gas, as the NO gas flow is pushed 

towards the substrate, figure 105.  It can also be observed that the NO is being dissociated into oxygen 

radicals by the nitrogen radicals through chemical reaction R11. The push gas ensures that the oxygen 

radicals are produced in the vicinity of the substrate, figure 107, what enhances the flux of oxygen 

radicals, figure 109. The oxygen radicals also recombine quickly with NO forming NO2, figure 108. The 

average flux is 1.24·1015 cm-2·s-1, which, for an orienting simulation, is getting close to average flux for 

a 1% O2-N2 gas mixture at 1 slm per plasma channel without the use of a central gas, which is 1.19·1016 

cm-2·s-1. This indicates that by optimizing the settings in terms of gas mixture and gas flows for this 

case, the oxygen radical flux can be improved and deposition of Al2O3 can be enhanced. 
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Appendix 
Appendix A – Set of chemical reactions 

 
 

Reaction Rate Coefficient Unit Source 

  Ground States       

R1 N + N + N2 → N2(A) + N2 8.27·10-34·e500/T cm6·s-1 [8] [9] 

R2 N + N + O2 → N2(A) + O2 8.27·10-34·e500/T cm6·s-1 [9] 

R3 N + N + N2 → N2(B) + N2 2.4·10-33 cm6·s-1 [8] [10] 

R4 N + N + O2 → N2(B) + O2 1.1·10-32 cm6·s-1 [10] 

R5 N + N + NO → N2(B) + NO 2.4·10-33 cm6·s-1 [10] 

R6 N + N + N → N2(B) + N 1.4·10-32 cm6·s-1 [10] 

R7 N + N + O → N2(B) + O 1.4·10-32 cm6·s-1 [10] 

R8 N + N + N2 → N2 + N2 1.1·10-32 cm6·s-1 [1] 

R9 N + O2 → NO + O 1.1·10-14·T·e-3150/T cm3·s-1 [8] [9] 

R10 N + O3 → NO + O2 2·10-16 cm3·s-1 [8] [9] 

R11 N + NO → N2 + O 1.05·10-12·T0.5 cm3·s-1 [8] [9] 

R12 N + NO2 → N2 + O2 7·10-13 cm3·s-1 [8] [9] 

R13 N + NO2 → N2 + O + O 9.1·10-13 cm3·s-1 [8] [9] 

R14 N + NO2 → N2O + O 3·10-12 cm3·s-1 [8] [9] 

R15 N + NO2 → NO + NO 2.3·10-12 cm3·s-1 [8] [9] 

R16 N + O + N2 → NO + N2 1.76·10-31·T-0.5 cm6·s-1 [8] [9] 

R17 N + O + O2 → NO + O2 1.76·10-31·T-0.5 cm6·s-1 [9] 

R18 N + O + N2 → NO(B) + N2 5.03·10-33·T-0.5 cm6·s-1 [8] [11] 

R19 N + O + O2 → NO(B) + O2 5.03·10-33·T-0.5 cm6·s-1 [11] 

R20 O + O + N2 → O2 + N2 2.76·10-34·e720/T cm6·s-1 [8] [9] 

R21 O + O + N2 → O2(a) + N2 2·10-34 cm6·s-1 [8] 

R22 O + O + N2 → O2(b) + N2 2·10-35 cm6·s-1 [8] 

R23 O + O + O2 → O2 + O2 2.45·10-31·T-0.63 cm6·s-1 [8] [9] 

R24 O + O + O2 → O2(a) + O2 2.45·10-31·T-0.63 cm6·s-1 [9] 

R25 O + O + O2 → O2(b) + O2 2.45·10-31·T-0.63 cm6·s-1 [9] 

R26 O + NO2 → NO + O2 1.13·10-11·(T/1000)0.18 cm3·s-1 [8] [9] 

R27 O + O3 → O2 + O2 2·10-11·e-2300/T cm3·s-1 [8] [9] 

R28 O + O3 → O2 + O2(a) 1·10-11·e-2300/T cm3·s-1 [8] [10] 

R29 O + NO3 → O2 + NO2 10-11 cm3·s-1 [8] [9] 

R30 O + O2 + N2 → O3 + N2 6.2·10-34·(T/300)-2 cm6·s-1 [8] [9] 

R31 O + O2 + O2 → O3 + O2 6.9·10-34·(T/300)-1.25 cm6·s-1 [8] [9] 

R32 O + NO + N2 → NO2 + N2 1·10-31·(T/300)-1.6 cm6·s-1 [8] [12] 

R33 O + NO + O2 → NO2 + O2 1·10-31·(T/300)-1.6 cm6·s-1 [12] 

R34 O + NO2 + N2 → NO3 + N2 1.3·10-31·(T/300)-1.5 cm6·s-1 [8] [12] 

R35 O + NO2 + O2 → NO3 + O2 1.3·10-31·(T/300)-1.5 cm6·s-1 [12] 

R36 NO + O3 → O2 + NO2 4.3·10-12·e-1560/T cm3·s-1 [8] [9] 

R37 NO + NO3 → NO2 + NO2 1.7·10-11 cm3·s-1 [8] [9] 

R38 NO2 + O3 → O2 + NO3 1.2·10-13·e-2450/T cm3·s-1 [8] [9] 
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R39 NO2 + NO3 → NO + NO2 + O2 2.3·10-13·e-1600/T cm3·s-1 [8] [9] 

R40 NO2 + NO2 + N2 → N2O4 + N2 1.4·10-33·(T/300)-3.8 cm6·s-1 [8] [12] 

R41 NO2 + NO2 + O2 → N2O4 + O2 1.4·10-33·(T/300)-3.8 cm6·s-1 [12] 

R42 NO2 + NO3 + N2 → N2O5 + N2 4.1·10-32 cm6·s-1 [8] 

R43 NO2 + NO3 + O2 → N2O5 + O2 4.1·10-32 cm6·s-1 [8] 

R44 NO3 + NO3 → O2 + NO2 + NO2 5·10-12·e-3000/T cm3·s-1 [8] [9] 

R45 O3 + O3 → O2 + O2 + O2 2.81·10-286·(T/300)491·e162/T cm3·s-1 [13] [14] 

  Excited States       

R46 N2(A) + O2 → N2 + O + O 2.54·10-12 cm3·s-1 [8] [9] 

R47 N2(A) + O2 → N2O + O 7.8·10-14 cm3·s-1 [8] [9] 

R48 N2(A) + O → NO + N(2D) 7·10-12 cm3·s-1 [8] [9] 

R49 N2(A) + N2O → N2 + N + NO 10-11 cm3·s-1 [8] [9] 

R50 N2(A) + N2(A) → N2(B) + N2 3·10-10 cm3·s-1 [8] [10] 

R51 N2(A) + N2(A) → N2(C) + N2 1.6·10-10·(T/300)-2.64 cm3·s-1 [8] [9] 

R52 N2(A) + N2 → N2 + N2 3·10-18 cm3·s-1 [8] [9] 

R53 N2(A) + O2 → N2 + O2 1.3·10-12 cm3·s-1 [8] 

R54 N2(A) + O2 → N2 + O2(a) 2·10-13 cm3·s-1 [8] [9] 

R55 N2(A) + O2 → N2 + O2(b) 2·10-13 cm3·s-1 [8] [9] 

R56 N2(A) + N → N2 + N 2·10-12 cm3·s-1 [8] [10] 

R57 N2(A) + N → N2 + N(2P) 5·10-11 cm3·s-1 [8] [9] 

R58 N2(A) + O → N2 + O(1S)  2.1·10-11 cm3·s-1 [8] [9] 

R59 N2(A) + NO → N2 + NO(A) 6.9·10-11 cm3·s-1 [8] [10] 

R60 N2(A) + NO → N2 + NO 7·10-11 cm3·s-1 [9] 

R61 N2(A) + O3 → products 4·10-11 cm3·s-1 [8] [34] 

R62 N2(A) + NO2 → N2 + O + NO 10-12 cm3·s-1 [8] [10] 

R63 N2(B) + N2 → N2(A) + N2 5·10-11 cm3·s-1 [8] [9] 

R64 N2(B) + N2 → N2 + N2 2·10-12 cm3·s-1 [8] [10] 

R65 N2(B) + O2 → N2 + O + O 3·10-10 cm3·s-1 [8] [9] 

R66 N2(B) + NO → N2(A) + NO 2.4·10-10 cm3·s-1 [8] [9] 

R67 N2(a’) + N2 → N2(B) + N2 2·10-13 cm3·s-1 [8] [9] 

R68 N2(a’) + O2 → N2 + O + O 2.8·10-11 cm3·s-1 [8] [9] 

R69 N2(a’) + NO → N2 + N + O 3.6·10-10 cm3·s-1 [8] [9] 

R70 N2(C) + N2 → N2(a’) + N2 10-11 cm3·s-1 [8] [9] 

R71 N2(C) + O2 → N2 + O(1S) + O 3·10-10 cm3·s-1 [8] [9] 

R72 O2(a) + O3 → O2 + O2 + O(1D) 5.2·10-11·e-2840/T cm3·s-1 [8] [10] 

R73 O2(a) + O3 → O2 + O2 + O 9.7·10-13·e-1564/T cm3·s-1 [9] 

R74 O2(a) + N → NO + O 2·10-14·e-600/T cm3·s-1 [8] [9] 

R75 O2(a) + N2 → O2 + N2 3·10-21 cm3·s-1 [8] [9] 

R76 O2(a) + O2 → O2 + O2 2.2·10-18·(T/300)0.8 cm3·s-1 [8] [9] 

R77 O2(a) + O → O2 + O 7·10-16 cm3·s-1 [8] [9] 

R78 O2(a) + NO → O2 + NO 2.5·10-11 cm3·s-1 [8] [9] 

R79 O2(a) + O2(a) → O2 + O2(b) 7·10-28·T3.8·e700/T cm3·s-1 [8] [10] 

R80 O2(b) + O3 → O2 + O2 + O 1.8·10-11 cm3·s-1 [8] [9] 

R81 O2(b) + N2 → O2(a) + N2 4.9·10-15·e-253/T cm3·s-1 [8] [9] 

R82 O2(b) + O2 → O2(a) + O2 4.3·10-22·T2.4·e-241/T cm3·s-1 [8] [9] 

R83 O2(b) + O → O2(a) + O 8·10-14 cm3·s-1 [8] [9] 
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R84 O2(b) + O → O2 + O(1D) 3.39·10-11·(T/300)-0.1·e-4201/T cm3·s-1 [8] [9] 

R85 O2(b) + NO → O2(a) + NO 4·10-14 cm3·s-1 [8] [9] 

R86 N(2D) + O2 → NO + O 1.5·10-12·(T/300)0.5 cm3·s-1 [8] [9] 

R87 N(2D) + O2 → NO + O(1D) 6·10-12·(T/300)0.5 cm3·s-1 [8] [9] 

R88 N(2D) + NO → N2 + O 1.8·10-10 cm3·s-1 [8] [10] 

R89 N(2D) + NO → N2O 6·10-11 cm3·s-1 [9] 

R90 N(2D) + N2O → NO + N2 3·10-12 cm3·s-1 [8] [9] 

R91 N(2D) + N2 → N + N2 6·10-15 cm3·s-1 [8] [9] 

R92 N(2P) + O2 → NO + O 2.6·10-12 cm3·s-1 [8] [9] 

R93 N(2P) + NO → N2(A) + O 3.4·10-11 cm3·s-1 [8] [9] 

R94 N(2P) + N2 → N(2D) + N2 2·10-18 cm3·s-1 [8] [9] 

R95 N(2P) + N → N(2D) + N 1.8·10-12 cm3·s-1 [8] [9] 

R96 O(1D) + N2 → O + N2 1.8·10-11·e107/T cm3·s-1 [8] [9] 

R97 O(1D) + O2 → O + O2 6.4·10-12·e67/T cm3·s-1 [8] [9] 

R98 O(1D) + O2 → O + O2(a) 10-12 cm3·s-1 [8] [10] 

R99 O(1D) + O2 → O + O2(b) 2.56·10-11·e67/T cm3·s-1 [8] [10] 

R100 O(1D) + O → O + O 8·10-12 cm3·s-1 [8] [10] 

R101 O(1D) + O3 → O + O + O2 1.2·10-10 cm3·s-1 [8] [9] 

R102 O(1D) + O3 → O2 + O2 1.2·10-10 cm3·s-1 [8] [9] 

R103 O(1D) + NO → O2 + N 1.7·10-10 cm3·s-1 [8] [9] 

R104 O(1D) + NO → O + NO 4·10-11 cm3·s-1 [8] 

R105 O(1D) + N2O → NO + NO 7.2·10-11 cm3·s-1 [8] [9] 

R106 O(1D) + N2O → N2 + O2 4.4·10-11 cm3·s-1 [8] [9] 

R107 O(1S) + N2 → O + N2 5·10-17 cm3·s-1 [8] [9] 

R108 O(1S) + O2 → O(1D) + O2 1.33·10-12·e-850/T cm3·s-1 [8] [9] 

R109 O(1S) + O3 → O(1D) + O + O2 2.9·10-10 cm3·s-1 [8] [9] 

R110 O(1S) + O3 → O2 + O2 2.9·10-10 cm3·s-1 [8] [9] 

R111 O(1S) + NO → O + NO 1.8·10-10 cm3·s-1 [8] [9] 

R112 O(1S) + NO → O(1D) + NO 3.2·10-10 cm3·s-1 [8] [9] 

R113 O(1S) + N2O → O + N2O 6.3·10-12 cm3·s-1 [8] [9] 

R114 O(1S) + N2O → O(1D) + N2O 3.1·10-12 cm3·s-1 [8] [9] 

R115 O(1S) + O2(a) → O(1D) + O2(b) 3.6·10-11 cm3·s-1 [8] [9] 

R116 O(1S) + O2(a) → O + O + O 3.4·10-11 cm3·s-1 [8] [9] 

R117 O(1S) + O2(a) → O + O2 1.3·10-10 cm3·s-1 [8] [9] 

R118 O(1S) + O → O(1D) + O 5·10-11·e-301/T cm3·s-1 [8] [9] 

R119 NO(A) + N2 → NO + N2 10-13 cm3·s-1 [8] [11] 

R120 NO(A) + O2 → NO + O2 1.5·10-10 cm3·s-1 [8] [11] 

R121 NO(A) + NO → NO + NO 2·10-10 cm3·s-1 [8] [11] 

R122 NO(B) + N2 → NO + N2 6.1·10-13 cm3·s-1 [8] [11] 

R123 NO(B) + O2 → NO + O2 1.5·10-11 cm3·s-1 [8] [11] 

R124 NO(B) + NO → NO + NO 2·10-10 cm3·s-1 [8] [11] 

  Decay       

R125 N2(A) → N2 + hν 0.5 s-1 [8] [10] 

R126 N2(B) → N2(A) + hν 1.34·105 s-1 [8] [10] 

R127 N2(C) → N2(B) + hν 2.45·107 s-1 [8] [10] 

R128 N2(a’) → N2(C) + hν 100 s-1 [8] [10] 
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R129 O2(a) → O2 + hν 2.6·10-4 s-1 [8] [10] 

R130 O2(b) → O2(a) + hν 1.5·10-3 s-1 [8] [10] 

R131 O2(b) → O2 + hν 8.5·10-2 s-1 [8] [10] 

R132 NO(A) → NO + hν 5·106 s-1 [8] [11] 

R133 NO(B) → NO + hν 105 s-1 [8] [11] 

R134 O3 → O2 + O 1.38·1012·(T/300)0.7·e-11710/T s-1 [15] 

  Associative Ionization       

R135 N2(A) + N2(a’) → N4
+ + e 5·10-11 cm3·s-1 [8] [9] 

R136 N2(a’) + N2(a’) → N4
+ + e 2·10-10 cm3·s-1 [8] [9] 

R137 N(2D) + N(2P) → N2
+ + e 10-12 cm3·s-1 [8] [9] 

R138 O + N(2P) → NO+ + e 10-12 cm3·s-1 [8] [9] 
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Appendix B – Comparison between calculated and modelled diffusion 

coefficients 

 

Figure 47 – Calculated and modelled diffusion coefficients in m2/s for N and N2 

 

Figure 48 - Calculated and modelled diffusion coefficients in m2/s for O, O2, and O3 
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Figure 49 - Calculated and modelled diffusion coefficients in m2/s for NO, NO2, and NO3 

 

Figure 50 - Calculated and modelled diffusion coefficients in m2/s for N2O, N2O4, and N2O5 
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Appendix C – Dominance of chemical reactions for the gain and loss 

of oxygen radicals 
REACTION DOMINANCE IN MULTIPLE AREAS FOR VARIOUS OXYGEN CONCENTRATIONS AT 100 °C 

 

Figure 51 – Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the plasma 
channel area with 0.5% O2-N2 plasma at a temperature of 100 °C 
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Figure 52 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the reactor area 
with 0.5% O2-N2 plasma at a temperature of 100 °C 
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Figure 53 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the substrate 
area with 0.5% O2-N2 plasma at a temperature of 100 °C 
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Figure 54 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the plasma 
channel area with 1% O2-N2 plasma at a temperature of 100 °C 
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Figure 55 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the reactor area 
with 1% O2-N2 plasma at a temperature of 100 °C 
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Figure 56 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the substrate 
area with 1% O2-N2 plasma at a temperature of 100 °C 
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Figure 57 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the plasma 
channel area with 2% O2-N2 plasma at a temperature of 100 °C 
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Figure 58 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the reactor area 
with 2% O2-N2 plasma at a temperature of 100 °C 
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Figure 59 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the substrate 
area with 2% O2-N2 plasma at a temperature of 100 °C 
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Figure 60 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the plasma 
channel area with 20% O2-N2 plasma at a temperature of 100 °C 
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Figure 61 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the reactor area 
with 20% O2-N2 plasma at a temperature of 100 °C 
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Figure 62 - Dominance in the reaction rate of chemical reactions to the formation and loss of O radicals in the substrate 
area with 20% O2-N2 plasma at a temperature of 100 °C 
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Appendix D – Calibration experiments results with Gen-3 
RESULTS FOR AN O2 -N2 PLASMA GAS WITH DCA ADDED AS CENTRAL GAS 

 

Figure 63 – O3 concentration versus plasma power for multiple O2 concentrations at room temperature 

 

Figure 64 - Outlet temperature versus plasma power for multiple oxygen concentrations at room temperature 
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Figure 65 - O3 concentration versus plasma power for multiple O2 concentrations at an oven temperature of 100 °C 

 

Figure 66 - Outlet temperature versus plasma power for multiple oxygen concentrations at an oven temperature of 100 °C 
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RESULTS FOR AN O2-N2 PLASMA GAS WITHOUT A CENTRAL GAS 

 

Figure 67 - O3 concentration versus plasma power for multiple O2 concentrations at room temperature 

 

Figure 68 - Outlet temperature versus plasma power for multiple oxygen concentrations at room temperature 
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Figure 69 - O3 concentration versus plasma power for multiple O2 concentrations at an oven temperature of 100 °C 

 

Figure 70 - Outlet temperature versus plasma power for multiple oxygen concentrations at an oven temperature of 100 °C 
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RESULTS FOR A PURE N2 PLASMA GAS WITH AN O2-N2 GAS MIXTURE ADDED AS CENTRAL GAS 

 

Figure 71 - O3 concentration versus plasma power for multiple O2 concentrations at room temperature 

 

Figure 72 - Outlet temperature versus plasma power for multiple oxygen concentrations at room temperature 
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Figure 73 - O3 concentration versus plasma power for multiple O2 concentrations at an oven temperature of 100 °C 

 

Figure 74 - Outlet temperature versus plasma power for multiple oxygen concentrations at an oven temperature of 100 °C 
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Appendix E – Model calibration results with Gen-3 
RESULTS FOR A 1% O2-N2 PLASMA GAS WITH DCA ADDED AS CENTRAL GAS 

 

Figure 75 – Calibrated boundary concentration versus plasma power per species at room temperature 

 

Figure 76 – Heat conversion coefficient versus plasma power at room temperature 
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Figure 77 – Calibrated boundary concentration versus plasma power per species at an oven temperature of 100 °C 

 

Figure 78 - Heat conversion coefficient versus plasma power at an oven temperature of 100 °C 
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RESULTS FOR A 1% O2-N2 PLASMA GAS WITHOUT A CENTRAL GAS 

 

Figure 79 – Calibrated boundary concentration versus plasma power per species at room temperature 

 

Figure 80 - Heat conversion coefficient versus plasma power at room temperature 
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Figure 81 – Calibrated boundary concentration versus plasma power per species at an oven temperature of 100 °C 

 

Figure 82 - Heat conversion coefficient versus plasma power at an oven temperature of 100 °C 
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RESULTS FOR A PURE N2 PLASMA GAS WITH DCA ADDED AS CENTRAL GAS 

 

Figure 83 - Boundary concentration versus plasma power per species at room temperature 

 

Figure 84 - Heat conversion coefficient versus plasma power at room temperature 
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Figure 85 – Calibrated boudnary concentration versus plasma power per species at an oven temperature of 100 °C 

 

Figure 86 - Heat conversion coefficient versus plasma power at an oven temperature of 100 °C 
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Appendix F – Modelling results on carbon etching 
RESULTS FOR A SUBSTRATE GAP OF 300 µM 

 

Figure 87 – Velocity profile in [m/s] for a substrate gap of 300 µm 

 

Figure 88 - The concentration of nitrogen radicals in [cm-3] for a substrate gap of 300 µm 
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Figure 89 - The flux of nitrogen radicals on the substrate in [cm-2·s-1] for a substrate gap of 300 µm 
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RESULTS FOR A SUBSTRATE GAP OF 450 µM 

 

Figure 90 - Velocity profile in [m/s] for a substrate gap of 450 µm 

 

Figure 91 - The concentration of nitrogen radicals in [cm-3] for a substrate gap of 450 µm 
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Figure 92 - The flux of nitrogen radicals on the substrate in [cm-2·s-1] for a substrate gap of 450 µm 
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INFLUENCE OF REACTION PROBABILITY FOR NITROGEN RADICALS ON AMORPHOUS CARBON 

 

Figure 93 - The flux of nitrogen radicals in [cm-2·s-1] for a substrate gap of 150 µm and a reaction probability of 1 

 

Figure 94 – The flux of nitrogen radicals in [cm-2·s-1] for a substrate gap of 150 µm and a reaction probability of 0.01 
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Figure 95 - The flux of nitrogen radicals in [cm-2·s-1] for a substrate gap of 150 µm and a reaction probability of 0.001 
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Appendix G – Modelling results on top-flow as push gas 
GAS MIXTURE OF 1% O2-N2 IN BOTH PLASMA CHANNELS 

 

Figure 96 – Velocity profile in m/s. Down-flow of 0.5 slm, top-flow of 2 slm 

 

Figure 97 – Streamline profile in m/s. Down-flow of 0.5 slm, top-flow of 2 slm 
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Figure 98 – Concentration of nitrogen radicals in cm-3, white area not modelled 

 

Figure 99 - Concentration of oxygen radicals in cm-3, white area not modelled 
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Figure 100 – The flux of oxygen radicals towards the substrate in cm-2·s-1 

DOWN-FLOW GAS MIXTURE OF 1% O2-N2 AND PURE N2 TOP-FLOW 

 

Figure 101 - Concentration of nitrogen radicals in cm-3, white area not modelled 

 

 



 

 
100 

 

Figure 102 - Concentration of oxygen radicals in cm-3, white area not modelled 

 

Figure 103 - The flux of oxygen radicals towards the substrate in cm-2·s-1 
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Appendix H – NO as a central gas 
 

 

Figure 104 – Velocity profile in m/s. Central-flow of 0.5 slm, down-flow of 1 slm, and top-flow of 3 slm 

 

Figure 105 – Concentration of NO in cm-3, white area not modelled 
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Figure 106 – Concentration of nitrogen radicals in cm-3 

 

Figure 107 – Concentration of oxygen radicals in cm-3 
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Figure 108 – Concentration of NO2 in cm-3 

 

Figure 109 – Flux of oxygen radicals towards the substrate in cm-2·s-1 
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