Table of Contents

Abstract iv

Acknowledgments vi

Chapter 1 Intr oduction 1 1.1 Background........................................................................................................1 1.2 Related Research Activities ...............................................................................2 1.2.1 Mesh Generation.......................................................................................3 1.2.2 Mesh Generation for TCAD .....................................................................4 1.2.3 TCAD Framework ....................................................................................5 1.3 Research Objectives...........................................................................................6 1.4 Thesis Outline ....................................................................................................6

Chapter 2 An Overview of Mesh Generation 9 2.1 Introduction........................................................................................................9 2.2 Numerical Simulation and Discretization..........................................................9 2.2.1 The Drift-Diffusion Model for Semiconductor Device ..........................11 2.2.2 Discretization for the Drift-Diffusion Model..........................................12 2.3 Requirements for Mesh Generation.................................................................13 2.3.1 Boundary and Mesh Conformity ............................................................14

2.3.2 Mesh Adaptation.....................................................................................15 2.3.3 Element Shape ........................................................................................17 2.3.4 Mesh Density Distribution......................................................................19 2.3.5 Non-Isotropic Mesh ................................................................................19 2.3.6 Moving Boundary ...................................................................................20 2.3.7 Interface with Information Model and Solid Modeler............................20 2.3.8 Integration with Device Simulators ........................................................20 2.4 Classification of Mesh and Mesh Generation Schemes ...................................21 2.4.1 Mesh Classification .................................................................................22 2.4.2 Classification of Mesh Generation Schemes ..........................................24 2.4.3 Conformal Mapping................................................................................25 2.4.4 Algebraic Method ...................................................................................27 2.4.5 Delaunay Triangulation...........................................................................28 2.4.6 Advancing Front Method........................................................................32 2.5 Summary..........................................................................................................35

Chapter 3 Spatial Decomposition And Quadtr ee Mesh 37 3.1 Introduction......................................................................................................37 3.2 2D Spatial Decomposition ...............................................................................39 3.2.1 Quadtree - A 2D Spatial Decomposition Scheme ..................................39 3.2.2 Finding an Neighbor Quadrant ...............................................................42 3.2.3 Generalized Quadtree .............................................................................45 3.2.4 One Level Difference Rule and Balanced Quadtree...............................47 3.3 Level Control Function....................................................................................49 3.3.1 Level Control Function...........................................................................50 3.3.2 Existence of Optimal Balanced Quadtree...............................................52 3.3.3 An Algorithm for Generating an Optimal Balanced Quadtree ...............55 3.3.4 Correctness of the Modified Refinement Algorithm ...............................59 3.4 Interior Quadrant Triangulation.......................................................................64 3.5 δ-Zone Triangulation.......................................................................................66 3.5.1 Small Feature Elements ..........................................................................66 3.5.2 δ-Zone and d-Zone Detection.................................................................69 3.5.3 δ-Zone Triangulation..............................................................................71 3.6 Summary.........................................................................................................74

Chapter 4 3D Mesh Generation 75 4.1 Introduction......................................................................................................75 4.2 3D Spatial Decomposition and Octree.............................................................76 4.2.1 Review of Definitions and Terminologies ..............................................76 4.2.2 Balanced Octree Generation ...................................................................79 4.3 Tetrahedralization of Interior Octants..............................................................85 4.3.1 Overview.................................................................................................86 4.3.2 Sub-Region Tetrahedralization 1 ............................................................91 4.3.3 Sub-Region Tetrahedralization 2 ............................................................93 4.3.4 Verification of the Delaunay Criterion ....................................................97 4.4 δ-Zone Tetrahedralization in 3D......................................................................99 4.4.1 Overview of Tetrahedralization ............................................................100 4.4.2 Tetrahedralization of Simple Boundary Bricks.....................................102 4.4.3 A General Tetrahedralization Algorithm for Polyhedrons....................106 4.5 Summary........................................................................................................107

Chapter 5 Information Model, Services and Framework 109 5.1 Introduction....................................................................................................109 5.2 A Tool Development Framework ..................................................................111 5.2.1 Needs for a Development Framework ..................................................111 5.2.2 An Infrastructure Architecture..............................................................112 5.3 Information Model.........................................................................................115 5.3.1 Information Model for TCAD Tools.....................................................115 5.3.2 Information Modeling System ..............................................................117 5.3.3 An Object-Oriented Information Modeling System .............................117 5.3.4 Information Model for the Wafer State.................................................118 5.4 Services for TCAD Tool Development..........................................................122 5.4.1 Review of Some Basic Services ...........................................................122 5.4.2 Geometry Modeling Service.................................................................123 5.4.3 Mesh Service.........................................................................................128 5.5 Semiconductor Wafer Representation............................................................128 5.5.1 SWR Overview .....................................................................................128 5.5.2 SWR3D - an ACIS Based Prototype Implementation ..........................131 5.6 Summary........................................................................................................134

Chapter 6 Implementation and Application 135 6.1 Introduction....................................................................................................135 6.2 Overview of Object-Oriented Technique.......................................................136 6.2.1 Introduction...........................................................................................136 6.2.2 Object....................................................................................................139 6.2.3 Class......................................................................................................141 6.2.4 Abstraction and Encapsulation .............................................................143 6.2.5 Hierarchy and Inheritance.....................................................................144 6.3 The Object-Oriented Implementation of a Mesh Generator..........................146 6.3.1 Introduction...........................................................................................146 6.3.2 Geometry Objects .................................................................................148 6.3.3 Octree Objects.......................................................................................152 6.3.4 User Interface Objects ..........................................................................154 6.4 A Prototype Implementation of a 3D Device Simulation System.................156 6.4.1 Introduction...........................................................................................156 6.4.2 Mask Layout Generation ......................................................................158 6.4.3 3D Structure Generation .......................................................................158 6.4.4 2D Cross Section Simulation................................................................160 6.4.5 3D Simulation .......................................................................................161 6.5 Summary........................................................................................................162

Chapter 7 Conclusion and Futur e Resear ch 163 7.1 Contributions .................................................................................................163 7.1.1 Spatial Decomposition Based Mesh Generation ..................................163 7.1.2 3D Informational Model and TCAD services.......................................163 7.1.3 Experiment of Object-Oriented Programming .....................................164 7.2 Future Research .............................................................................................164

Bibliography 167

Table of Contents

Abstract iv

Acknowledgments vi

Chapter 1 Intr oduction 1 1.1 Background........................................................................................................1 1.2 Related Research Activities ...............................................................................2 1.2.1 Mesh Generation.......................................................................................3 1.2.2 Mesh Generation for TCAD .....................................................................4 1.2.3 TCAD Framework ....................................................................................5 1.3 Research Objectives...........................................................................................6 1.4 Thesis Outline ....................................................................................................6

Chapter 2 An Overview of Mesh Generation 9 2.1 Introduction........................................................................................................9 2.2 Numerical Simulation and Discretization..........................................................9 2.2.1 The Drift-Diffusion Model for Semiconductor Device ..........................11 2.2.2 Discretization for the Drift-Diffusion Model..........................................12 2.3 Requirements for Mesh Generation.................................................................13 2.3.1 Boundary and Mesh Conformity ............................................................14

2.3.2 Mesh Adaptation.....................................................................................15 2.3.3 Element Shape ........................................................................................17 2.3.4 Mesh Density Distribution......................................................................19 2.3.5 Non-Isotropic Mesh ................................................................................19 2.3.6 Moving Boundary ...................................................................................20 2.3.7 Interface with Information Model and Solid Modeler............................20 2.3.8 Integration with Device Simulators ........................................................20 2.4 Classification of Mesh and Mesh Generation Schemes ...................................21 2.4.1 Mesh Classification .................................................................................22 2.4.2 Classification of Mesh Generation Schemes ..........................................24 2.4.3 Conformal Mapping................................................................................25 2.4.4 Algebraic Method ...................................................................................27 2.4.5 Delaunay Triangulation...........................................................................28 2.4.6 Advancing Front Method........................................................................32 2.5 Summary..........................................................................................................35

Chapter 3 Spatial Decomposition And Quadtr ee Mesh 37 3.1 Introduction......................................................................................................37 3.2 2D Spatial Decomposition ...............................................................................39 3.2.1 Quadtree - A 2D Spatial Decomposition Scheme ..................................39 3.2.2 Finding an Neighbor Quadrant ...............................................................42 3.2.3 Generalized Quadtree .............................................................................45 3.2.4 One Level Difference Rule and Balanced Quadtree...............................47 3.3 Level Control Function....................................................................................49 3.3.1 Level Control Function...........................................................................50 3.3.2 Existence of Optimal Balanced Quadtree...............................................52 3.3.3 An Algorithm for Generating an Optimal Balanced Quadtree ...............55 3.3.4 Correctness of the Modified Refinement Algorithm ...............................59 3.4 Interior Quadrant Triangulation.......................................................................64 3.5 δ-Zone Triangulation.......................................................................................66 3.5.1 Small Feature Elements ..........................................................................66 3.5.2 δ-Zone and d-Zone Detection.................................................................69 3.5.3 δ-Zone Triangulation..............................................................................71 3.6 Summary.........................................................................................................74

Chapter 4 3D Mesh Generation 75 4.1 Introduction......................................................................................................75 4.2 3D Spatial Decomposition and Octree.............................................................76 4.2.1 Review of Definitions and Terminologies ..............................................76 4.2.2 Balanced Octree Generation ...................................................................79 4.3 Tetrahedralization of Interior Octants..............................................................85 4.3.1 Overview.................................................................................................86 4.3.2 Sub-Region Tetrahedralization 1 ............................................................91 4.3.3 Sub-Region Tetrahedralization 2 ............................................................93 4.3.4 Verification of the Delaunay Criterion ....................................................97 4.4 δ-Zone Tetrahedralization in 3D......................................................................99 4.4.1 Overview of Tetrahedralization ............................................................100 4.4.2 Tetrahedralization of Simple Boundary Bricks.....................................102 4.4.3 A General Tetrahedralization Algorithm for Polyhedrons....................106 4.5 Summary........................................................................................................107

Chapter 5 Information Model, Services and Framework 109 5.1 Introduction....................................................................................................109 5.2 A Tool Development Framework ..................................................................111 5.2.1 Needs for a Development Framework ..................................................111 5.2.2 An Infrastructure Architecture..............................................................112 5.3 Information Model.........................................................................................115 5.3.1 Information Model for TCAD Tools.....................................................115 5.3.2 Information Modeling System ..............................................................117 5.3.3 An Object-Oriented Information Modeling System .............................117 5.3.4 Information Model for the Wafer State.................................................118 5.4 Services for TCAD Tool Development..........................................................122 5.4.1 Review of Some Basic Services ...........................................................122 5.4.2 Geometry Modeling Service.................................................................123 5.4.3 Mesh Service.........................................................................................128 5.5 Semiconductor Wafer Representation............................................................128 5.5.1 SWR Overview .....................................................................................128 5.5.2 SWR3D - an ACIS Based Prototype Implementation ..........................131 5.6 Summary........................................................................................................134

Chapter 6 Implementation and Application 135 6.1 Introduction....................................................................................................135 6.2 Overview of Object-Oriented Technique.......................................................136 6.2.1 Introduction...........................................................................................136 6.2.2 Object....................................................................................................139 6.2.3 Class......................................................................................................141 6.2.4 Abstraction and Encapsulation .............................................................143 6.2.5 Hierarchy and Inheritance.....................................................................144 6.3 The Object-Oriented Implementation of a Mesh Generator..........................146 6.3.1 Introduction...........................................................................................146 6.3.2 Geometry Objects .................................................................................148 6.3.3 Octree Objects.......................................................................................152 6.3.4 User Interface Objects ..........................................................................154 6.4 A Prototype Implementation of a 3D Device Simulation System.................156 6.4.1 Introduction...........................................................................................156 6.4.2 Mask Layout Generation ......................................................................158 6.4.3 3D Structure Generation .......................................................................158 6.4.4 2D Cross Section Simulation................................................................160 6.4.5 3D Simulation .......................................................................................161 6.5 Summary........................................................................................................162

Chapter 7 Conclusion and Futur e Resear ch 163 7.1 Contributions .................................................................................................163 7.1.1 Spatial Decomposition Based Mesh Generation ..................................163 7.1.2 3D Informational Model and TCAD services.......................................163 7.1.3 Experiment of Object-Oriented Programming .....................................164 7.2 Future Research .............................................................................................164

Bibliography 167