xiii

List of Figur es

Figure 1.1 Illustration of spatial decomposition............................................................3 Figure 1.2 Cone-like 3D region.....................................................................................5 Figure 2.1 Numerical simulation flow.........................................................................10 Figure 2.2 Triangular element .....................................................................................13 Figure 2.3 Boundary conformity.................................................................................14 Figure 2.4 Non-conformal mesh .................................................................................15 Figure 2.5 Adaptive mesh ...........................................................................................16 Figure 2.6 Structured mesh refinement .......................................................................16 Figure 2.7 Ill-shaped elements due to mesh refinement ..............................................17 Figure 2.8 Measures for the mesh element shape .......................................................18 Figure 2.9 Mesh improvement by better connection of mesh points ..........................18 Figure 2.10 Mesh improvement by point smoothing ....................................................18 Figure 2.12 A denser mesh required along the channel ................................................19 Figure 2.11 An appropriate mesh density distribution..................................................19 Figure 2.13 Moving boundary.......................................................................................20 Figure 2.14 Mesh refinement with error estimation. .....................................................21 Figure 2.15 The mesh points alone are not sufficient to describe a mesh .....................21 Figure 2.16 Mesh organized in a structured manner.....................................................22 Figure 2.17 Mesh organized in a non-structured manner..............................................23

Figure 2.18 Structured mesh .........................................................................................24 Figure 2.19 Two-step mesh scheme ..............................................................................25 Figure 2.20 Algebraic method for generating structured mesh.....................................27 Figure 2.21 Voronoi polygons associated with each point of S. ...................................29 Figure 2.22 The straight-line dual. ................................................................................29 Figure 2.23 In-cycle property. .......................................................................................30 Figure 2.24 The maximum-minimum angle property...................................................31 Figure 2.25 Non-boundary conformal Delaunay triangulation.....................................32 Figure 2.26 Advancing front .........................................................................................33 Figure 2.27 P is good for the third point of the triangle................................................34 Figure 2.28 P is not good for the third point of the triangle .........................................34 Figure 3.1 Quadtree mesh generation flow .................................................................38 Figure 3.2 Address of quadrants .................................................................................40 Figure 3.3 Quadtree representation of a geometry region...........................................41 Figure 3.4 Examples of full and non-full quadtrees....................................................42 Figure 3.5 Procedure for finding neighbor node .........................................................43 Figure 3.6 Quadtree representation with B-nodes.......................................................46 Figure 3.7 Boundary patterns for B-nodes ..................................................................46 Figure 3.8 Examples of irregular quadrants ................................................................47 Figure 3.9 Non-balanced quadtree and ill-shaped triangles........................................48 Figure 3.10 Quadtree after balancing............................................................................48 Figure 3.11 An example of irregular quadrants and vertex levels ................................49 Figure 3.12 Level control function................................................................................50 Figure 3.13 Abnormal quadrant ....................................................................................51 Figure 3.14 LCF with no compatible quadtree .............................................................52 Figure 3.15 Order relationship for quadtree .................................................................52 Figure 3.16 Example of a balanced removal operation.................................................53 Figure 3.17 An unbalanced quadtree generated by the SimpleRefine procedure .........56 Figure 3.18 Modification of the level control function. ................................................57 Figure 3.19 Three types of leaf quadrants.....................................................................60 Figure 3.20 Quadrant Q is in ST but not in QT.............................................................63 Figure 3.21 Two cases where the level control function values are modified...............63 Figure 3.22 Triangulation of leaf triangles....................................................................64

Figure 3.23 Triangulation for a corner-refined quadrant ...............................................65 Figure 3.24 Triangulation for a side-refined quadrant...................................................65 Figure 3.25 Irregular quadrants triangulated as leaf quadrants....................................65 Figure 3.26 A bipolar device.........................................................................................66 Figure 3.27 Small feature elements for a quadtree based mesh ....................................67 Figure 3.28 Collapsing of edges and vertices near the boundary..................................68 Figure 3.29 A different approach for handling boundary .............................................68 Figure 3.30 The δ-cover for a quadrant R.....................................................................69 Figure 3.31 An example of the δ-cover for a point.......................................................69 Figure 3.32 An example of the δ-zone..........................................................................70 Figure 3.33 Internal and external boundaries for a δ-zone............................................72 Figure 3.34 A bipolar device with a deep trench. .........................................................74 Figure 4.1 Review of mesh process for generating 2D mesh......................................76 Figure 4.2 Local addresses for sub-octants. ................................................................77 Figure 4.3 An illustration of the relative path name of an octant................................77 Figure 4.4 Illustration of irregular octants with different number of sub-octants.......78 Figure 4.5 llustration of the refinement process ..........................................................79 Figure 4.6 Illustration of a “refinement equivalent” vertex ........................................80 Figure 4.7 Fully refinable octants................................................................................81 Figure 4.8 Modification of the level control function L..............................................82 Figure 4.9 Illustration of balanced octrees ..................................................................85 Figure 4.10 Non-conformal mesh in 3D. ......................................................................86 Figure 4.11 Tetrahedralization of a regular octant. .......................................................87 Figure 4.12 The sub-region decomposition of an irregular octant ...............................87 Figure 4.13 Tetrahedralization of an irregular octang...................................................88 Figure 4.14 An example of an irregular octant without the bottom face ......................89 Figure 4.15 Five types of sub-regions...........................................................................90 Figure 4.16 The type I sub-region.................................................................................92 Figure 4.17 The decomposition which violates the Delaunay criterion........................92 Figure 4.18 Four tetrahedrons shared by two octants. ..................................................92 Figure 4.19 Tetrahedralization of the type II sub-region...............................................94 Figure 4.20 Tetrahedralization of the type III sub-region. ............................................94 Figure 4.21 Tetrahedralization of the type IV sub-region.............................................94

Figure 4.22 Tetrahedralization of the type V sub-region ..............................................95 Figure 4.23 Vertex labels for a sub-region. ..................................................................95 Figure 4.24 Proof of Lemma 4.1 ..................................................................................97 Figure 4.25 Proof of Lemma 4.2 ..................................................................................98 Figure 4.26 Illustration of interior meshes ...................................................................99 Figure 4.27 Examples of boundary bricks. ................................................................100 Figure 4.28 A mesh for a MOSFET transistor with a trench. ....................................101 Figure 4.29 Tetrahedralization of a boundary brick ..................................................103 Figure 4.30 A brick intersects two boundary faces....................................................104 Figure 4.31 A simple brick intersecting three boundary faces...................................105 Figure 4.32 The vertex removal operator...................................................................106 Figure 4.33 The edge removal operator .....................................................................106 Figure 5.1 Architecture of a development framework .............................................113 Figure 5.2 A device simulation system ....................................................................115 Figure 5.3 The entity-relationship for describing device structure ..........................116 Figure 5.4 The MOS device geometry structure ......................................................116 Figure 5.5 An example of a 3D geometry object .....................................................119 Figure 5.6 A volume with two shells. ......................................................................119 Figure 5.7 Relationships among different geometry objects....................................120 Figure 5.8 The location relation ...............................................................................120 Figure 5.9 Field components: mesh, data and shape function .................................121 Figure 5.10 Illustration of a doping field....................................................................122 Figure 5.11 Intersect, subtract and union geometry operations in 3D .......................123 Figure 5.12 A SRAM structure ..................................................................................124 Figure 5.13 Sweeping a face along a loop of two edges to form a 3D volume .........124 Figure 5.14 An illustration of using sweep operation for isotropic oxidation ...........125 Figure 5.15 Illustration of the section operation ........................................................126 Figure 5.16 Geometry operations with mixed dimensions ........................................126 Figure 5.17 Illustration of the solid transformations..................................................127 Figure 5.18 Three types of mesh for a 3D volume.....................................................128 Figure 5.19 SWR for a MOSFET device ...................................................................129 Figure 5.20 The SWR geometry structure. ................................................................130 Figure 5.21 Difference between a glue and a merge operation..................................131

Figure 5.22 Topological and geometry objects supported by ACIS ...........................133 Figure 5.23 An example of the attribution propagation. .............................................134 Figure 6.1 Algorithmic decomposition of a PDE solver. ..........................................137 Figure 6.2 Illustration of different member functions for a vertex object.................140 Figure 6.3 Object diagram for the mesh generator....................................................147 Figure 6.4 Examples of geometry operations............................................................150 Figure 6.5 User interface for the mesh generator......................................................155 Figure 6.6 3D Device simulation information flow...................................................157 Figure 6.7 Mask layout of a 6 transistor SRAM cell. ...............................................158 Figure 6.8 An uniform growth process step..............................................................159 Figure 6.9 The 3D structure of the SRAM cell. ........................................................159 Figure 6.10 A 2D Cross Section Simulation. ..............................................................160 Figure 6.11 The 3D surface mesh for the SRAM interconnect...................................162 Figure 7.1 Non-isocentric mesh. ...............................................................................165 xviii xiii

List of Figur es

Figure 1.1 Illustration of spatial decomposition............................................................3 Figure 1.2 Cone-like 3D region.....................................................................................5 Figure 2.1 Numerical simulation flow.........................................................................10 Figure 2.2 Triangular element .....................................................................................13 Figure 2.3 Boundary conformity.................................................................................14 Figure 2.4 Non-conformal mesh .................................................................................15 Figure 2.5 Adaptive mesh ...........................................................................................16 Figure 2.6 Structured mesh refinement .......................................................................16 Figure 2.7 Ill-shaped elements due to mesh refinement ..............................................17 Figure 2.8 Measures for the mesh element shape .......................................................18 Figure 2.9 Mesh improvement by better connection of mesh points ..........................18 Figure 2.10 Mesh improvement by point smoothing ....................................................18 Figure 2.12 A denser mesh required along the channel ................................................19 Figure 2.11 An appropriate mesh density distribution..................................................19 Figure 2.13 Moving boundary.......................................................................................20 Figure 2.14 Mesh refinement with error estimation. .....................................................21 Figure 2.15 The mesh points alone are not sufficient to describe a mesh .....................21 Figure 2.16 Mesh organized in a structured manner.....................................................22 Figure 2.17 Mesh organized in a non-structured manner..............................................23

Figure 2.18 Structured mesh .........................................................................................24 Figure 2.19 Two-step mesh scheme ..............................................................................25 Figure 2.20 Algebraic method for generating structured mesh.....................................27 Figure 2.21 Voronoi polygons associated with each point of S. ...................................29 Figure 2.22 The straight-line dual. ................................................................................29 Figure 2.23 In-cycle property. .......................................................................................30 Figure 2.24 The maximum-minimum angle property...................................................31 Figure 2.25 Non-boundary conformal Delaunay triangulation.....................................32 Figure 2.26 Advancing front .........................................................................................33 Figure 2.27 P is good for the third point of the triangle................................................34 Figure 2.28 P is not good for the third point of the triangle .........................................34 Figure 3.1 Quadtree mesh generation flow .................................................................38 Figure 3.2 Address of quadrants .................................................................................40 Figure 3.3 Quadtree representation of a geometry region...........................................41 Figure 3.4 Examples of full and non-full quadtrees....................................................42 Figure 3.5 Procedure for finding neighbor node .........................................................43 Figure 3.6 Quadtree representation with B-nodes.......................................................46 Figure 3.7 Boundary patterns for B-nodes ..................................................................46 Figure 3.8 Examples of irregular quadrants ................................................................47 Figure 3.9 Non-balanced quadtree and ill-shaped triangles........................................48 Figure 3.10 Quadtree after balancing............................................................................48 Figure 3.11 An example of irregular quadrants and vertex levels ................................49 Figure 3.12 Level control function................................................................................50 Figure 3.13 Abnormal quadrant ....................................................................................51 Figure 3.14 LCF with no compatible quadtree .............................................................52 Figure 3.15 Order relationship for quadtree .................................................................52 Figure 3.16 Example of a balanced removal operation.................................................53 Figure 3.17 An unbalanced quadtree generated by the SimpleRefine procedure .........56 Figure 3.18 Modification of the level control function. ................................................57 Figure 3.19 Three types of leaf quadrants.....................................................................60 Figure 3.20 Quadrant Q is in ST but not in QT.............................................................63 Figure 3.21 Two cases where the level control function values are modified...............63 Figure 3.22 Triangulation of leaf triangles....................................................................64

Figure 3.23 Triangulation for a corner-refined quadrant ...............................................65 Figure 3.24 Triangulation for a side-refined quadrant...................................................65 Figure 3.25 Irregular quadrants triangulated as leaf quadrants....................................65 Figure 3.26 A bipolar device.........................................................................................66 Figure 3.27 Small feature elements for a quadtree based mesh ....................................67 Figure 3.28 Collapsing of edges and vertices near the boundary..................................68 Figure 3.29 A different approach for handling boundary .............................................68 Figure 3.30 The δ-cover for a quadrant R.....................................................................69 Figure 3.31 An example of the δ-cover for a point.......................................................69 Figure 3.32 An example of the δ-zone..........................................................................70 Figure 3.33 Internal and external boundaries for a δ-zone............................................72 Figure 3.34 A bipolar device with a deep trench. .........................................................74 Figure 4.1 Review of mesh process for generating 2D mesh......................................76 Figure 4.2 Local addresses for sub-octants. ................................................................77 Figure 4.3 An illustration of the relative path name of an octant................................77 Figure 4.4 Illustration of irregular octants with different number of sub-octants.......78 Figure 4.5 llustration of the refinement process ..........................................................79 Figure 4.6 Illustration of a “refinement equivalent” vertex ........................................80 Figure 4.7 Fully refinable octants................................................................................81 Figure 4.8 Modification of the level control function L..............................................82 Figure 4.9 Illustration of balanced octrees ..................................................................85 Figure 4.10 Non-conformal mesh in 3D. ......................................................................86 Figure 4.11 Tetrahedralization of a regular octant. .......................................................87 Figure 4.12 The sub-region decomposition of an irregular octant ...............................87 Figure 4.13 Tetrahedralization of an irregular octang...................................................88 Figure 4.14 An example of an irregular octant without the bottom face ......................89 Figure 4.15 Five types of sub-regions...........................................................................90 Figure 4.16 The type I sub-region.................................................................................92 Figure 4.17 The decomposition which violates the Delaunay criterion........................92 Figure 4.18 Four tetrahedrons shared by two octants. ..................................................92 Figure 4.19 Tetrahedralization of the type II sub-region...............................................94 Figure 4.20 Tetrahedralization of the type III sub-region. ............................................94 Figure 4.21 Tetrahedralization of the type IV sub-region.............................................94

Figure 4.22 Tetrahedralization of the type V sub-region ..............................................95 Figure 4.23 Vertex labels for a sub-region. ..................................................................95 Figure 4.24 Proof of Lemma 4.1 ..................................................................................97 Figure 4.25 Proof of Lemma 4.2 ..................................................................................98 Figure 4.26 Illustration of interior meshes ...................................................................99 Figure 4.27 Examples of boundary bricks. ................................................................100 Figure 4.28 A mesh for a MOSFET transistor with a trench. ....................................101 Figure 4.29 Tetrahedralization of a boundary brick ..................................................103 Figure 4.30 A brick intersects two boundary faces....................................................104 Figure 4.31 A simple brick intersecting three boundary faces...................................105 Figure 4.32 The vertex removal operator...................................................................106 Figure 4.33 The edge removal operator .....................................................................106 Figure 5.1 Architecture of a development framework .............................................113 Figure 5.2 A device simulation system ....................................................................115 Figure 5.3 The entity-relationship for describing device structure ..........................116 Figure 5.4 The MOS device geometry structure ......................................................116 Figure 5.5 An example of a 3D geometry object .....................................................119 Figure 5.6 A volume with two shells. ......................................................................119 Figure 5.7 Relationships among different geometry objects....................................120 Figure 5.8 The location relation ...............................................................................120 Figure 5.9 Field components: mesh, data and shape function .................................121 Figure 5.10 Illustration of a doping field....................................................................122 Figure 5.11 Intersect, subtract and union geometry operations in 3D .......................123 Figure 5.12 A SRAM structure ..................................................................................124 Figure 5.13 Sweeping a face along a loop of two edges to form a 3D volume .........124 Figure 5.14 An illustration of using sweep operation for isotropic oxidation ...........125 Figure 5.15 Illustration of the section operation ........................................................126 Figure 5.16 Geometry operations with mixed dimensions ........................................126 Figure 5.17 Illustration of the solid transformations..................................................127 Figure 5.18 Three types of mesh for a 3D volume.....................................................128 Figure 5.19 SWR for a MOSFET device ...................................................................129 Figure 5.20 The SWR geometry structure. ................................................................130 Figure 5.21 Difference between a glue and a merge operation..................................131

Figure 5.22 Topological and geometry objects supported by ACIS ...........................133 Figure 5.23 An example of the attribution propagation. .............................................134 Figure 6.1 Algorithmic decomposition of a PDE solver. ..........................................137 Figure 6.2 Illustration of different member functions for a vertex object.................140 Figure 6.3 Object diagram for the mesh generator....................................................147 Figure 6.4 Examples of geometry operations............................................................150 Figure 6.5 User interface for the mesh generator......................................................155 Figure 6.6 3D Device simulation information flow...................................................157 Figure 6.7 Mask layout of a 6 transistor SRAM cell. ...............................................158 Figure 6.8 An uniform growth process step..............................................................159 Figure 6.9 The 3D structure of the SRAM cell. ........................................................159 Figure 6.10 A 2D Cross Section Simulation. ..............................................................160 Figure 6.11 The 3D surface mesh for the SRAM interconnect...................................162 Figure 7.1 Non-isocentric mesh. ...............................................................................165 xviii