Parallel Reacting Flow Calculations for Chemical Vapor Deposition Reactor Design^1

Andrew G. Salinger, John N. Shadid, Harry K. Moffat, Scott A. Hutchinson, Gary L. Hennigan, Karen D. Devine Sandia National Laboratories Albuquerque, NM 87185-1111

(To be published in Proceedings of the International Conference on Computational Engineering Science - San Jose, Costa Rica, May 4 - 9, 1997)

1. This work was partially funded by the United States Department of Energy, Mathematical, Information, and Computational Sciences Division, and was carried out at Sandia National Laboratories operated for the U.S. Department of Energy under contract no. DE-AC04-94AL85000.

Parallel Reacting Flow Calculations for Chemical Vapor Deposition Reactor Design^1

Andrew G. Salinger, John N. Shadid, Harry K. Moffat, Scott A. Hutchinson, Gary L. Hennigan, Karen D. Devine Sandia National Laboratories Albuquerque, NM 87185-1111

ABSTRACT

The MPSalsa reacting flow code has been developed at Sandia National Laboratories to compute coupled three-dimensional fluid flow and detailed reaction chemistry for modeling reacting flow systems, such as Chemical Vapor Deposition (CVD) reactors. MPSalsa has been developed to take advantage of the tremendous computational speed, memory, and scalability of distributed memory parallel computers. An unstructured finite element discretization allows for the modeling of complex geometries. Complex physics for general mixtures of ideal gases, including thermal diffusion, mixture averaged and true multicomponent diffusion, variable physical properties and both gas and surface reactions can be modeled. In this brief manuscript we discuss the reacting flow model and numerical method and summarize representative calculations using MPSalsa for the CVD growth of Gallium Arsenide in a horizontal reactor with a tilted rotating substrate.

INTRODUCTION

Computer modeling of chemical vapor deposition (CVD) reactors can greatly aid in the understanding, design, and optimization of these complex systems. Modeling is particularly attractive in these systems since the costs of experimentally evaluating many design alternatives can be prohibitively expensive, time consuming, and even dangerous, when working with toxic chemicals like Arsine (AsH_3); however, predictive modeling has not been possible for most systems since the behavior is three-dimensional and governed by complex reaction mechanisms. In addition, CVD reactors often exhibit large thermal gradients, large changes in physical properties over regions of the domain, and significant thermal diffusion for gas mixtures with widely varying molecular weights. As a result, significant simplifications in the models have been made which erode the accuracy of the model’s predictions. In this paper, we will demonstrate how the computational resources of massively parallel computers can be exploited to make possible the analysis of models that include coupled fluid flow and detailed reaction chemistry in three-dimensional domains.

Our research effort is aimed at the synthesis of two important research areas: 3D flow and transport modeling of reactors and the simulation of detailed reaction mechanisms.

1. This work was partially funded by the United States Department of Energy, Mathematical, Information, and Computational Sciences Division, and was carried out at Sandia National Laboratories operated for the U.S. Department of Energy under contract no. DE-AC04-94AL85000.

Due to the large computational resources needed to tackle such a problem, there are few attempts in the literature. Ouazzani and Rosenberger (1990) and Kleijn and Hoogendoorn (1991) each solved three-dimensional models for reactant transport and GaAs deposition in horizontal reactors. The first paper decoupled the species transport from the fluid mechanics and heat transfer. Both works used solution procedures that require structured grids, so the effect of a rotating disk could not be readily included.

Reacting Flow Model

Considerable effort has gone into the development of the MPSalsa simulation code [Shadid, Moffat, Hutchinson, Hennigan, Devine and Salinger (1996a, 1996b)] to make the CVD reactor model as accurate as possible. Table 1 shows the modeling equations implemented in MPSalsa that were used in this paper. Constituative relations for the Newtonian stress tensor, , heat flux vector, , and species mass fluxes, , are based on non-equilib-rium statistical mechanical theory of multicomponent, dilute polyatomic gases. The diffusive flux of species includes a mixture averaged approximation and true multicomponent formulation with the effects of thermal diffusion included. All physical properties and reaction rates in the model are allowed to vary as functions of composition and temperature using the CHEMKIN [Kee, Rupley, Meeks and Miller (1996)] and SURFACE CHEMKIN [Coltrin, Kee, Rupley and Meeks (1996)] suites of library routines and the associated TRANLIB [Kee, Dixon-Lewis, Warnatz, Coltrin and Miller (1986)] thermodynamic database. The geometry is discretized using an unstructured finite element mesh, which can flexibly represent complex geometries and allow the placement of finer meshes in areas where steep gradients are expected. For a thorough description of the equations and parallel implementation specifics, the reader is referred to the MPSalsa theory document.

Momentum

Total Mass

Thermal Energy

Species Mass Fraction for Species k

Table 1: Go verning Conser vation Equations

T q j_k

∂ ρ u( ) ∂t -------------- ρ uu( ) ∇• T∇•– ρ g– + 0=

∂ρ ∂t ------ ρ u( ) ∇• + 0=

Ĉp ∂ ρ T( ) ∂t --------------- ρ uT( ) ∇• + q∇•– hk jk∇• k 1= Ns ∑ hkWkω̇k

k 1= Ns ∑ – + =

∂ ρ Yk ( ) ∂t ------------------ ρ uYk ∇• + jk∇•– Wkω̇k + = k, 1 2 … NS, 1– , , =

The solution to the transport-reaction equations is approximated using a Petrov-Galer-kin finite element method. All of the variables, , are interpolated with trilinear basis functions within each hexehedral element of the unstructured mesh. A discrete set of residual equations is created by weighting each governing equation by each basis function and integrating over the domain. An additional pressure stabilization term is added to the continuity equation residual to allow for equal order interpolation of and [Hughes, Franca and Balestra (1986) and Tezduyar (1992)].

Numerical Methods

The MPSalsa reacting flows code has been developed to take advantage of the large speed and memory of distributed memory parallel computers so that models involving coupled 3D flows and detailed reaction mechanisms can be solved. Since the transport equations are highly nonlinear, high priority has been given to the robustness of the solution procedure. A fully coupled Newton’s method is used to solve the nonlinear problem, where all the equations are solved simultaneously, and all the interactions between the equations and variables are included in the Jacobian matrix. Each processor computes the residual equation and associated rows of the Jacobian matrix for the nodes it owns. Since these calculations are local, they exhibit near perfect scaling as the problem size and number of processors are increased proportionally [Shadid, Hutchinson, Moffat, Hennigan, Hendrickson and Leland (1994)]. In our implementation the matrix elements are fully summed, this method has the advantage of allowing for a large set of general algebraic preconditioners to be used.

At each iteration of the nonlinear solver, the linear system is solved iteratively using the AZTEC library [Hutchinson, Shadid and Tuminaro (1995)] of preconditioned Krylov solvers. The computational core of these methods is a matrix-vector multiplication and the preconditioner, which dominates the cost of our entire solution procedure. In the calculations in this paper, we chose to first scale the matrix by a row-sum approach and use an incomplete LU decomposition as the preconditioner.

RESULTS AND DISCUSSION

In this section we present results of CVD calculations made using MPSalsa on the 1824 computational processor Intel Paragon at Sandia National Laboratories.,The reactor configuration is presented in Figure 1, along with surface elements of the 43,568 element mesh. The reactants enter the reactor through the rectangular region on the left. The bottom of the reactor slopes up at a 9 degree angle, forcing the flow to accelerate. The outlet of the reactor has only one quarter the area of the inlet face. The rectangular susceptor has a disk inset into the middle of it, which spins to average out the deposition rate. Tilting the base of the reactor is designed to offset the decline in deposition rate down the length of the reactor, due to reactant consumption, by accelerating the flow and shrinking the boundary layer over the disk, thereby decreasing mass transfer resistance to the surface.

The example we present is for a horizontal CVD reactor with tilted susceptor and

u P T Y , , , ( )

u P

rotating substrate which only admits three-dimensional solutions for the vapor phase deposition of Gallium Arsenide (GaAs) from a mixture of trimethylgallium GaMe_3 and Arsine (AsH_2) in excess Hydrogen (H_2) carrier gas. We use the blocking mechanism of Moffat, Killeen and Baucom (1995) which has 4 gas species, 4 surface species undergoing 4 reactions. Steady-state solutions of unknowns were reached directly from a trivial initial guess in 18 minutes on 288 processors of the Intel Paragon, using a restarted GMRES method, with a Krylov subspace dimension of 150 vectors, and a maximum of one restart per linear solve. An ILU decomposition with no overlap between processors, with row-sum scaling is used as the preconditioner.

A representative solution for flow and deposition in the horizontal reactor with tilted susceptor is shown in Figure 2, for an inlet velocity of cm/sec and disk spin rate rpm. Streamlines for fluid that enters near the base of the reactor show the effect of the counter-clockwise rotation of the disk -- one path illustrating how fluid can be entrained to make multiple passes over the disk. The shaded contours on the susceptor visualize the gas phase mass fraction of GaMe_3 approaching the deposition surface, which is nearly proportional to the deposition rate since this is the limiting reactant. The asymmetry of the contours, which corresponds to non-uniform growth, illustrates the effect of large rotation rates.

This effect is examined in Figure 3, which contains contour plots of instantaneous GaAs deposition in Angstroms/sec at cm/sec for three different spin rates:

, , and rpm. The surface finite element discretization over

432 225,

9 Degree Tilt

Heated Susceptor with Inset Disk

Inlet

Outlet

FIGURE 1. Surface elements of the mesh f or the horizontal r eactor with tilted susceptor .

V 30= Ω 500 =

V 30= Ω 50= Ω 250= Ω 500= the disk is also shown. The solutions at the two higher rotation rates clearly show how the spinning disk can skew the deposition; however, the solution does not exhibit noticeable asymmetry. Deposition rates show decreased deposition near the walls, which is due to the formation of a parabolic flow profile. A more detailed analysis of the effect of spin rate and other parameters is in progress.

CONCLUSIONS

The MPSalsa massively parallel chemically reacting flows code has been developed to solve three-dimensional flows (at low Mach number) coupled with chemical reactions using an unstructured finite element method. Through the use of the CHEMKIN suite of library routines, the gas phase reactions, surface reactions, transport properties, and physical properties are rigorously modeled. Efficient and robust parallel algorithms allow for rapid solution of large systems of equations.

Since steady-state solutions were achieved for our reactor models in about 15 minutes on a fraction of our machine, we have begun detailed analyses of these reactor models with optimization studies over several parameters. Optimization of operating parameters, such as inlet flow rates and disk rotation rates, can aid operators in understanding the responses of the reactor to these parameters. Even more informative will be optimization studies that include design parameters, which can not be economically studied by experiments. Without the investment in efficient and robust methods for parallel solutions, detailed analysis of these models would not be feasible.

FIGURE 2. Visualization of a solution f or GaAs deposition in the horizontal CVD r eactor with tilted susceptor , at r otation rate rpm and inlet v elocity cm/sec.

Ω 500

= V 30=

Ω 50=

7.0 7.0

7.0

6.75 6.75

6.75 6.5

6.5 6.5 6.25 6.25

6.25

8.0

8.0

8.0

6.0 6.0

6.0

5.0 5.0

5.0

FIGURE 3. Instantaneous contours of GaAs deposition rates o ver the entir e susceptor in Angstr oms/sec, (a)-(c), and the surface elements of the finite element discr etization, (d). The higher spin rates significantly def orm the deposition rates fr om a symmetric solution.

References

1. Coltrin, M. E., Kee, R. J. and Rupley, F. M., Meeks, E. (1996), “Surface Chemkin-III: A FORTRAN package for analyzing heterogeneous chemical kinetics at a solid-surface-gas-phase interface,” Technical Report SAND96-8217, Sandia National Laboratories, Albuquerque, NM.

2. Hughes, T.J.R. Franca, L.P., Balestra, M. (1986), “A New Finite Element Formulation for Computational Fluid Dynamics: V. Circumventing the Babuska-Brezzi Condition: A Stable Petrov-Galerkin Formulation of the Stokes Problem Accommodating Equal-order Interpolations”,Comp. Meth. App. Mech. and Eng., 59, 85–99.

3. Hutchinson, S.A., Shadid, J.N., Tuminaro, R.S. (1995), “Aztec User’s Guide: Version 1.0,” Sandia Report, SAND95–1559, Sandia National Laboratories, Albuquerque, NM.

4. Kee, R. J., Dixon-Lewis, G. Warnatz, J Coltrin, M. E. Miller, J. A. (1986), “A FORTRAN Computer Code Package for the Evaluation of Gas-Phase, Multicomponent Transport Properties,” Sandia Report, SAND86–8246, Sandia National Laboratories, Albuquerque, NM.

5. Kee, R. J. Rupley, F. M. Meeks, E., and Miller, J. A. (1996), “Chemkin-III: A Fortran Chemical Kinetics Package for the Analysis of Gas-Phase Chemical Kinetics,” Sandia Report, SAND96–8215, Sandia National Laboratories, Albuquerque, NM.

6. Kleijn, C.R. and Hoogendoorn, C.J. (1991), “A Study of 2- and 3-Dimensional Transport Phenomena in Horizontal Chemical Vapor Deposition Reactors,”Chem. Eng. Sci., 46(1), 321-334.

7. Ouazzani, J. and Rosenberger, F. (1990), “Three-dimensional modeling of horizontal chemical vapor deposition I. MOCVD at atmospheric pressure,”J. Crystal Growth, 100 545-576.

8. Shadid, J. N., Moffat, H. K., Hutchinson, S. A., Hennigan, G. L., Devine, K. D., Salinger, A. G. (1996), “MPSalsa: A Finite Element Computer Program for Reacting Flow Problems: Part 1 – Theoretical Development,” Sandia National Laboratories, SAND95–2752.

9. Salinger, A.G., Devine, K.D., Hennigan, G.L., Moffat, H.K., Hutchinson, S.A., and Shadid, J.N. (1996), “MPSalsa: A Finite Element Computer Program for Reacting Flow Problems: Part 2 – User’s Guide,” Sandia National Laboratories Technical Report, SAND96-2331.

10. Shadid, J. N.,Hutchinson, S. A., Moffat, H. K., Hennigan, G. L., Hendrickson, B. A., Leland, R. W.

(1994),“A 65+ Gflop/s unstructured finite element simulation of chemically reacting flo ws on the Intel Paragon”, Proceedings of Supercomputing ‘94, Washington, DC, pp. 673–679, Nov. 14–18.

11. Tezduyar, T. E. (1992)“Stabilized Finite Element Formulations for Incompressible Flow Computations”, Advances in App. Mech., 28, 1–44.