1 2D/3D Etching and Deposition Simulation ToolsImplemented with a General TCAD Geometry ServerZe-Kai Hsiau, Edwin C. Kan, James P. McVittie and Robert W. DuttonCenter for Integrated Systems, Stanford University, Stanford, CA 94305AbstractImplementation and validation of 2D and 3D etching and deposition simulators using a generalTCAD geometry server with both the boundary and level-set representation is performed.Advantages of our approach include not only enhanced functionalities such as accurate and robustboundary movement and smoothing, but also well-defined procedural interface for facile inter-toolcommunication. Accuracy in boundary movement is validated for various deposition and etchingprocesses with the SPEEDIE physical models. Examples for sharing geometry information withadequate smoothing in nonplanar structures based on curvature are demonstrated betweenSPEEDIE (etching/deposition) and SUPREM (diffusion/oxidation).I. IntroductionComputational prototyping with Technology CAD (TCAD) is gaining increasing importance inexpediting VLSI technology design and fabrication optimization. Physical TCAD tools developedfor different fabrication processes such as etching/deposition, oxidation, and lithography all requireaccurate and robust geometry movement. The moving boundary can be tracted geometrically (theboundary represented by moving surface grid points) or parametrically (fixed volume grid withparameter variables to record the boundary movement). The level set method [1] is a parametricboundary movement method by using the signed distance to the boundary as the trackingparameters, and has shown significant improvement on stability, accuracy and robustness incomparison with the geometrical methods [2,3]. Since the surface normal and curvature can beevaluated precisely, physical smooth surface evolution with high accuracy can be achieved. This isimportant for modeling the increasingly complex fabrication technology, such as high densityplasma etching and deposition in deep submicron processes. Issues concerning accuracy validationfor 2D/3D boundary movement and implementation of the geometry server will be discussedbelow.II. Functionalities and Interface of the TCAD Geometry ServerThe boundary movement and smoothing functions based on the level-set method areimplemented into a geometry server with minimalistic pre-defined procedural interface [4], whichalso provides a consistent geometry representation for integration of various spatial discretizationschemes such as volume, surface and Eulerian-type grids. Figure 1 illustrates the usage ofgeometry server calls in process simulation. The initial geometry is input from a file and handledby a global geometry object pointer �wafer�, which may be implemented as a C structure or a C++class. Then, a typical APCVD process is simulated using the level-set boundary movement asillustrated in Fig. 2. To avoid spurious elements resulting from small surface line segments, thegeometry is smoothed according to a curvature threshold before passing to FOREST [4], aconformal quad-tree gridder, for subsequent diffusion simulation. It is clear from Fig. 2(c) and (c)that adequate smoothing is very useful for reasonable tradeoffs between accuracy and efficiency[7]. The advantage of using the minimalistic geometry server procedural interface is clearly seen infast integration of independently developed tools and easy inclusion of different boundarymovement algorithms.III. Technology Examples for Boundary Movement Accuracy ValidationThe geometry server has been connected with the Stanford physical etching and depositionsimulation SPEEDIE [5]. Accuracy in the physical models and level-set boundary movement hasbeen validated in various fabrication processes in 2D and 3D. Figures 3-6 demonstrate the featurescaptured by simulation for LPCVD, PECVD, PVD and self alignment contact formation [3], and

2the thinning and flattening at corners with PVD can also be accurately modeled without spuriousgeometrical effects from moving conformal grids due to grid sparsity and rule-based algorithmshandling complex structures [8].Acceleration of simulation is achieved by adaptive gridding according to the distance functionitself with quad/oct-tree algorithms [3]. The data structure of the quad/oct-tree implementationreflects tradeoffs between memory usage and efficiency. Local connectivity information is requiredfor spatial discretization schemes and boundary reconstruction from the quad/oct-tree volumemesh. Memory usage can be reduced by computing local connectivity on the fly, but this approachincurs a slowdown in execution time. In our implementation, a complete set of pointers toneighboring objects are precomputed and cashed during volume mesh generation. On SiliconGraphics Indigo 2 Extreme with Irix 5.3, a representative mesh (bounding square with side lengthof 2

μm, maximum adaptation level 7 and minimum grid size 0.03125

μm) with 3100 volumegrid points takes 60 seconds in CPU time to generate, and uses 2.8 megabytes of memory.Evaluation of finite difference operators in spatial and temporal discretization schemes takes 24seconds, and the actual boundary reconstruction takes 0.4 second. For 3D mesh generation, typicalmemory usage with maximum adaptation level 7 can reach over 30 megabytes. Memory should beproperly de-allocated prior to grid regeneration. Reference counts are maintained in ourimplementation for this purpose.IV. ConclusionsA TCAD geometry server with rich functionalities such as robust boundary movement andsmoothing is very useful for tool development and integration. Computational prototyping oftechnology examples has demonstrated the accuracy and applicability of this approach.V. AcknowledgmentThis work is supported by SRC Contracts 95-IP-404 and 95-BP-101. The authors wish tothank Jim Nulty of Cypress Semiconductors for providing the SAC SEM picture.VI. References[1]S. Osher and J. A. Sethian, J. Comp. Phys., vol. 79, pp. 12-49, 1988.[2]D. Adalsteinsson and J. A. Sethian, J. Comp. Phys., vol. 122[2], pp. 348-366, 1995.[3]Z. K. Hsiau, et. al., IEDM Tech. Dig., 1995, p. 101.[4]Z. H. Sahul, et. al., IEEE Trans. Semi. Manu. Sci., vol. 9(1), pp. 35-48, Feb. 1996.[5]J. P. McVittie, et. al., SPEEDIE V3.0 User’s Manual, Stanford University, Aug. 1995.[6]Z. K. Hsiau, et. al., to be presented in SISPAD 96, Tokyo, Japan, Sept. 1996.[7]S. Beebe, et. al., IEDM Tech. Dig., 1994, p. 213.[8]D. S. Bang, et. al., IEDM Tech. Dig., 1995, p. 97.swrGeometry* wafer; // wafer is the common geometry throughout simulationwafer = swrGeometryRead( "initial.geom" ); // input initial geometry from fileswrGeometrySetAttribute( wafer, "speedieModel", "APCVD" ); // pass to SPEEDIEwhile( totalDepositionTimeNotAchieved ){ timeStep = setVelocityFromSPEEDIE( wafer ); // SPEEDIE model evaluation lsGeometryMove( wafer, timeStep ); // level-set boundary movement}lsGeometrySmooth( wafer, curvatureThreshold ); // boundary smoothingswrGeometrySetAttribute( wafer, "MaximumGridSize", 0.2 ); // pass to FORESTqtGridGenerate( wafer ); // Lagragian quad-tree mesh generation for diffusionFigure. 1: Illustration of geometry server usage

3 (a) (b)Figure. 2: A typical APCVD process over a shallow trench. Ozone concentration: 0.13% in the

O2 / O3 stream. (a) The SEM. (b) shows the simulated profile evolution.(c) (d)Figure. 2 (Continued): Conformal triangular meshes generated by FOREST for the geometryrepresented by the final surface profile in (b). (c) shows the resulting mesh with 1230 volumemesh grid points generated from unsmoothed surface. (d) shows the resulting mesh with 1058volume mesh grid points generated from smoothed surface. The top flat surface contains much lessgrid points, while the mesh in the curved surfaces and interior regions remains roughly the same. (a) (b) (c)

4Figure. 3: LPCVD of

°C, 2.1 Torr, Sc = 0.07, incoming ionimpact-angle distribution:

cos10 (θ), ratio ofneutral-to-ion component = 2, TEOS flowrate = 1.8 sccm,

O2 flow rate = 6.5 slm.(b) The simulated profile evolution.Figure. 5: Ionized magnetron physicalvapor deposition (PVD) of aluminum in atrench. (a) The SEM. (a) The simulatedprofile evolution. Simulation conditions:temperature below 100

°C, 35 mTorr, Sc =1.0, unidirectional ion distribution, neutral-to-ion flux ratio = 7:3, sputter yield = 0.0. (a) (b)(c)Figure 6: Self Alignment Contact formation. (a) The SEM picture, courtesy of J. Nulty, CypressSemiconductors. (b) The simulated profile evolution. (c) The adaptive quad-tree meshcorresponding to the final profile. This example also demonstrates the capability of the geometryserver to handle multiple interfaces.