Contents

Acknowledgements . . . . . . .t ittt e e e e e e e e e e e iii

Abstract . . . .« v i i i it e e e e e e e e e e e e e e e v

Kurzzusammenfassung. . . « .« o 0 0 i i i o e e e e e e vii

1 Introduction . . . . . v v i i i i i i it i i e ittt e e e 1

2 Theory of microparticles in a low-pressure plasma . . ... ... ....... 3

2.1 OVEIVIEW . . . . e e e e e e e e e e e e e e e e e e e 3

2.2 Component velocity distribution functions ina plasma . . . . .. ... ... ... 4

2.2.1 Basic moments of the velocity distribution function. . . . ... ... ... 5

2.2.2  Velocity distribution function under aheat flux . . . ... ... ... ... 6

2.2.3 Estimators formoments . . . . . ... ... ... .. Lo . 7

2.3 Interaction between microparticles and charge carriers . . . . ... ... ... .. 8

2.3.1 Orbital motion limited theory and the collisional cross section. . . . . . . 8

2.3.2 Orbital crosssection . . . . . .. ... .. ... ..o e 10

2.3.3 Approximations for the Coulomb logarithm . . .. ... ... ... .... 13

2.4 Charging of microparticles . . . . . .. ... ... ... o o e 13

2.4.1 Charging for slow particles . . .. ... ... ... ... ... ... ... 14

2.4.2 Theequilibriumcharge . .......... ... ... ... .. .. ... 15

2.4.3 Charging for fast particles . . . . . ... ... ... .. ... .. . .. ... 16

2.5 Forces acting on a microparticle . . . . . ... ... .. . o oL 17

2.5.1 Collisionaldrag . . . .. ... ... . . e 17

2.5.2 Orbitaldrag . ... ... ... . . . e e 20

2.5.3 Collisional thermophoresis . . . . . . ... ... .. .. ........... 24

2.5.4 Orbital thermophoresis . . . ... ... ... .. .. ... ... ..., 29

2.5.5 Van der Waals force between a particle and a surface . . . . . . ... ... 30

3 Structure of the PALADIN simulation software . ............... 33

3.1 Description of the PALADIN code . . ... ..................... 33

3.1.1 Motivation and idea of a microparticle simulation. . . . . ... ... ... 33

3.1.2 Basicstructure . . . . .. .. ... L e 34

3.1.3 Combination with PIC-MC simulations . .. ... ... .......... 35

3.2 Implementation of microparticle dynamics . . . . . .. ... ... ... ... 35

3.2.1 Field interpolation . . . . ... ... .. L e 35

3.2.2 Field gradient interpolation . . . . . ... ... ... . 0oL, 38

3.2.3 Charging procedure . . . . . . . . .. it 39
Bibliografische Informationen E

https://d-nb.info/1279982780 digitalisiert durch 1

BLIOTHE


https://d-nb.info/1279982780

Contents

3.2.4 Force integration using the Boris algorithm . . . ... ... ........ 40
3.2.5 Numerical stability . . . .. ... ... ... ... ... .. .. ... 43
3.2.6 Wallinteraction . . ... ... ... ... ... .. ... ... . ... ... 45
3.3 Usage and limitations of the simulation . . ... ... ............... 47
3.3.1 Input parameters . . . . . .. . ... ... ... 47
3.3.2 Mathematical and physical constraints of the model . . . ... ... ... 47
34 Exampleruns . . ... ... L 51
3.4.1 Scenario S1 - Charged particle in a magnetic field . ............ 52
3.4.2 Scenario S2 - Constant argon heat flux . . . . . ... ... ......... 57
3.4.3 Scenario S3- Neutral gastube . .. ..................... 58
3.4.4 Scenario S4 - Plasma in the A700V chamber . . ... ........... 60
Results for a magnetron sputtering testcase . ................. 65
4.1 Description of thescenario. . . . . . ... ... ... ... ... . .. ... 65
4.1.1 Geometry and configurations of the scenario. . . . . ... ......... 65
4.1.2 Parameter variations . . . . . . .. ... 67
4.2 Plasma simulationresults . .. ... ... ... ... .. ... . L., 67
4.3 PALADIN simulationresults . .. ... ... .................... 68
4.3.1 Forcestatistics . . . ... ... ... 68
4.3.2 Size distribution function for particles on the substrate. . . . . ... ... 72
4.3.3 Origin of particles on the substrate . . . . . ... ... ........... 7
44 Discussion . . . . ... e 78
Summary andoutlook . . . . ... o0t i i e e e e e 81
Integral calculations for currents and forces . . . . ... ............ 83
A.1 Helper values and functions . . . . ... ... ... ... .. ... .. .. .. ... 83
A1l Common functions . . . . .. ... ... L L 83
A.1.2 Properties and limits of the helper functions. . . . . ... ... ...... 86
A.2 Integrals required for the theoreticmodel . . ... ... .............. 86
A2.1 Angularintegrals G™(@) . . . . ... .. . 86
A.2.2 Hyperbolicintegrals J§,. . .. ... ... ... ... ....... 89
A3 Coulombintegrals . . ... ... ... .. ... . ... e 92
A.3.1 Hyperbolic Coulomb integrals JEbn o 92
A.3.2 Hyperbolic Coulomb integral combinations J+, and Jg+i . . ... ... 93
A.4 Thermophoretic force integrals Q) and Q% , . . . . . ... ... ... .. .. 94
Entropy of distribution functions . ... ... ... ... 97
B.1 Discussion of maximum entropy functions . . . .. . ... ... ... ....... 97
Parameters and options for the PALADIN simulation. . . . ... ...... 99
C.1 Basic parameters . . . . . . . . . o v it i e e e e e e e 99
C2 Fieldloading . . . .. ... .. i 99
C.3 Mesh and border definition . . . ... ... ... ... ... ... . . ... 99
C.4 Plasma components . . . . . . . . oo v vttt e e e e e e e 101
C.5 Microparticle species . . . . . . . .. . L e 102

C.6 Output parameters (dumpers) . . . . . . . . . ..ottt 102



Contents xi

C.7 User blocks and functions . . . ... ... .. ... ... ... ..., 103
C.8 Physical constants and units . . . . . . .. ... oL Lo oo 105

D Parameter files for covered scenarios . . . . . ... vt v v v it ittt 0. 107
D.1 Test SCENArios . . . v v v v v v v i e i e e e e e e e e e e e e e e e e e e 107
D11 S1 .o e e e 107

D.1.2 S2 . . e e e e e e e 114

D.1.3 S8 . e e e e 116

D14 S4 . o e e e e 118



