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Abstract 
In this paper, the 3D modeling and optimization of a commercial hot wall vertical reactor for SiC coating is presented to investigate the effect of various process parameters on the hydrodynamics stability of the CVD reactor. The correlation between experimental and simulated results was established by tuning the kinetic parameters for the surface reaction. Besides, the incorporation of various dimensional numbers such as Reynolds number (Re), Péclet number (Pe), and Grashof number (Gr) enabled the systematic investigation of the effect of the natural convection phenomena on film growth performance. It was found that the buoyancy-driven flow can occur inside the reactor at high Reynolds number and Gr/Re2 ratio. The process optimization was performed using response surface methodology (RSM) to obtained desired film quality. The CFD-RSM combined approach allowed a significant reduction in the number of experiments and simulations required for the optimization of the CVD process.
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1. INTRODUCTION 
The silicon carbide (SiC) is extensively used in many fields, such as high-temperature heat exchangers, spaceborne mirrors in the aerospace, and automotive industries due to its low thermal expansion coefficient, high electrical resistance and compressive strengths1–3. The main advantages of SiC as compared to other ceramic materials are that it exhibits low specific mass and excellent resistance against oxidation at higher temperature4. Moreover, it has a wide bandgap and high electron mobility, which makes it an excellent semiconductor material5. The purity and crystallinity of material often depend on the reactants and the operating conditions. The epitaxy of the SiC film also varies due to a change in the chemical composition of the film. Therefore, the methyl trichlorosilane (MTS) is used as a precursor to produce stoichiometric SiC film. The advantages of MTS over other precursors are easy handling and less toxicity, and the stoichiometric Si/C ratio 6,7. 

In general, the hot wall vertical CVD reactor is preferred over the horizontal cold wall reactor because it produces a high-quality coating on the large area substrate at a very high rate8-9. The hydrodynamic stability and conjugate heat and mass transfer dynamics inside the reactor are the most critical parameters to obtain the desired film quality6,10,11. The experimental studies have shown that the quality of the film is greatly affected by the operating temperature, pressure, total flow rate, and reactor geometry12,13. In order to control the quality of the coating, it is necessary to maintain the desired composition of the reactants inside the reactor. However, the understanding effect of these parameters on the film quality is challenging to study experimentally as the various transport processes such as momentum, energy, species, and surface reactions are coupled. In addition, the species transport phenomena in the vertical hot-wall CVD reactor is very different from that of the horizontal reactor. Therefore, the numerical simulations could be a powerful tool to analyze the CVD reactors14–17. 
Numerous CFD simulations of vertical CVD reactors have been performed to date to study the effect of various operating parameters on the quality of film14,18–23. These simulations helped to achieve a good understanding of different transport processes, consequently making the design of the reactor faster and cost effective24. However, most of the CFD simulations focused on the film growth rate on a single substrate with 2D geometries. Danielsson et al. used the 2D axisymmetric model to predict the temperature distribution in a horizontal CVD reactor and showed that the simulations results agreed very well with experimental data14. Very few studies have been focused on modeling and simulating a 3D geometry because of its complexity in design and tiresome simulations18,25,26.  Recently, Pan et al. investigated the CVD process to furnish the optimal configurations for a multi-wafer reactor15. Shaeri et al. proposed several reactor design configurations to optimize the deposition rate on large area substrates16. However, most of the studies reported in the literature mainly examine the lab-scale CVD reactor with a single substrate. To the best of our knowledge, 3D modeling, and optimization of the commercial hot-wall reactor with multiple rotating substrates is very rare and has not been reported in the literature.
The studies mentioned above revealed that it is possible to predict the uniformity and rate of deposition accurately with the detailed knowledge of the reaction kinetics and transport phenomena model. Therefore, it is essential to use a comprehensive transport phenomenon and detailed reaction kinetics modeling. There have been considerable efforts to improve the accuracy of the model by incorporating accurate reaction kinetics27. However, the oversimplified transport phenomena model with temperature-independent transport properties give erroneous results, and optimal film growth conditions can rarely be achieved20,28. As a result, more experiments are required to find the optimal growth conditions, and in most cases, the iterative solution procedure is followed to locate an optimal solution. At the present time, Computer-aided design methodology is commonly used to design and develop new processes. In this context, the use of a well-defined model with a detailed working principle of the CVD process is of great importance in determining the optimal conditions for the CVD reactor.  
With these motivations, a 3D CFD model was developed for a commercial hot-wall CVD reactor by considering a comprehensive transport model. This vertical CVD reactor was used to deposit SiC film on the large area substrate using a mixture of MTS/H2. This work aims to investigate the various transport processes occurring inside the CVD rector and optimize the process parameters to meet the high-quality product demand. Due to the complex geometry of the reactor, the focus is primarily on transport phenomena inside the reactor rather than the chemical reaction kinetics. Therefore, a lumped two-step reaction kinetics was considered in the model to reduce the simulation time. The present model is able to correlate the experimental rate of deposition and uniformity of film quite satisfactorily. Subsequently, the effects of the operating parameter, like temperature, pressure, total flow rate, and H2/Ar molar ratio on the flow dynamics, were investigated to achieve the desired film growth rate. Finally, the surface response methodology (RSM) combined with CFD simulations were used to optimize the process parameters. This approach reduced the number of simulations and helped to obtain optimal film growth conditions for the CVD reactor.
2. PROCESS DESCRIPTION AND MODEL DEVELOPMENT 
2.1 Process description
Figure 1 depicts the schematic diagram of the commercial hot-wall CVD reactor used in this study. This is a vertical reactor with four inlets at the bottom with one is at the center, and the other three are equidistantly placed at the periphery. The reactants enter through the inlets and come in contact with the multiple rotating substrates before exiting the reactor. Four sets of baffles were placed between the substrate and exit of the reactor to achieve a sufficient residence time. The substrate consists of four circular plates assembled by the nut, and bolts are shown in Figure 1. The diameter of each plate is 300 mm, and they are placed at 120 mm apart from each other. The rotation of the substrate was facilitated by the shaft attached to the bottom. Further details on the geometry were not presented due to confidentiality and non-disclosure agreement with the manufacturer. 
The wall of the reactor was initially heated from room temperature (27oC) to the desired value using twelve circumferential heating rods. It was then allowed to obtain the desired temperature, and the uniformity of temperature inside the reactor was ensured by noting the readings of four temperature sensors placed inside the reactor. Few simulations were performed up to 25000C to find the limiting step during the deposition. However, the reactor hardware allowed the temperature up to 10000C. After attaining the desired temperature, the MTS vapor was allowed to flow inside the reactor with the help of the H2 and Ar mixture. The total gas flow rate was equally distributed before entering the inlet nozzles. The mixture interacts with the buoyancy-driven flow and undergoes the cracking, followed by the deposition on the substrate. The centrifugal force created due to the rotation of the shaft spread out the reactant toward the wall of the reactor; therefore, the optimal speed of rotation was maintained to ensure uniform deposition. The amount of deposition was calculated by noting the difference between the sample before and after the reaction. The reaction time was generally 12 h used in all experiments. After the reaction, the reactor was purged with Ar and allowed to cool to room temperature. 
2.2 Governing equations
The following transport equations for mass, momentum, energy, and species conservation were incorporated in the simulations. 
Continuity equation
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where, [image: image3.png]


 is the mass density and u is the fluid mixture velocity, The momentum balance equation accounting gas compressibility is described as
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where, P, η, and g are the pressure inside the reactor, dynamic viscosity of the fluid, and acceleration due to gravity, respectively. The energy balance equation is given by
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For highly diluted reactant mixture, the temperature-dependent mixture properties such as density ρ (kg/m3), heat capacity Cp (J/kg/K), thermal conductivity k (W/m/K), and dynamic viscosity η (kg/m/s) were calculated the average value of the H2 and Ar mixture28. The density of gas was estimated using ideal gas law as 
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                                                                                                                               (4) where, Mavg is average molecular weight (kg/mol), and the dynamic viscosity of the mixture was estimated using the kinetic theory of gases29. The heat capacity was expressed as Gordon-McBride polynomial, whereas the Stiel-Thodos equation was used to calculate the thermal conductivity.
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The species conservation equation is given by  
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The diffusive flux considering both mass and thermal diffusion was given by 
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Yi is the mass fraction of the CH3SiCl3, SiCl2, CH4, and H2, Ji is the combined diffusive fluxes of mass and heat transfer, Ri the volumetric reaction rate of the species produced by the reaction, 
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 are the diffusive mass and heat flux, respectively. The diffusivity at various temperature and pressure was obtained using the kinetic theory of gases 29.
2.3 Chemical reaction kinetics 
The deposition rate of SiC from MTS in the presence of H2 and Ar mixture was described by the two chemical reactions involving a single gas phase and surface reaction. The MTS was assumed to decompose in the gas phase and form the intermediates, namely CH4 and SiCl2, which then further reacted on the substrate to form SiC film.
Gas-phase reaction
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Surface reaction
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The rate constant, ki (i= G and S) in the above reactions obeys the Arrhenius equation which was written as  
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where Ai and Ei are the pre-exponential factor (s-1 for G and m/s for S) and the activation energy (kJ/mol), respectively. The kinetic parameters for the gas-phase reaction were taken from the literature8,10,20,30. However, the tuning of the pre-exponential factor As for the surface reaction is essential. Therefore, the sensitivity analysis was performed to match the simulated rate of deposition with the observed rate of deposition. The kinetic parameters used for the gas phase and surface reaction are listed in Table 1.
2.4 boundary conditions

The inlet velocity was assumed to be fully developed along the length of the reactor with no velocity components in the radial direction, and constant temperature inlet condition (T=800C) was imposed. The inlet concentration of each reactant was specified as Co,i (i= CH3SiCl3, CH4, SiCl2, and HCl). Besides, no-slip, constant wall temperature, and impermeable solid boundary conditions were assumed for velocity, temperature, and concentration, respectively. The concentration fluxes of reacting species were considered to be normal to the substrate. A zero gradient boundary condition for velocity, temperature, and concentration was used at the exit of the reactor. The operating pressure was specified at the outlet of the reactor. Table 2 shows the range of operating parameters used in the simulations. 
2.5 Solution procedure

The simulations were performed using Ansys, a commercial, finite volume element software. The numerical grids (mesh) with quadrilateral elements were generated on the reactor geometry. A total element mesh of 2438716 elements was used for the present study. The second-order upwind scheme was employed to discretize the convective-diffusive transport equations. The resulting set of discretized equations, along with boundary conditions, were solved using the pressure-based solver (COUPLED algorithm). The appropriate relaxation factors for the pressure, velocity, temperature, and concentration were used to get a stable solution. The convergence was assumed when the residual in the governing equations was less than 10-6. 
3. OPTIMIZATION 
The response surface methodology (RSM) was used to explore the relationships between several process parameters and response varaible31. The combined CFD-RSM approach was used to optimize the process conditions of the CVD reactor. The second-order polynomial was used to establish the correlation among the dependent and independent variables.
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where y, xi, and A0 are the response, levels of the variables, and interception term, respectively. The Ai is regression coefficients for linear effects, which determine the influence of the variable i on y. Aii refers to the regression coefficients for squared effects, and signify the interaction between variable i and j. The central composite design (CCD) was used to optimize the uniformity index (UI), and the rate of deposition (RD) of SiC. The average rate of deposition and uniformity index was calculated as:
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where A is the total area of the substrate. The levels of process parameters and their variation limits are presented in Table S1 (supplementary information). Moreover, the mass flow rate of MTS was maintained at 600 mg/h, and the inlet temperature of the reactant mixture was set at 800C for all simulations. Table S2 (supplementary information) depicts the eighteen simulations suggested by CCD, out of which six belonged to the expansions, ten correspond to the factorial design, and two were at the central point. No replications were performed at the central point because these simulations were carried out on the computer, and there was no pure error associated with them. However, these simulations were accomplished randomly to minimize the effect of residual variability in the results. The commercial Design Expert software was used to analyses the data obtained from the simulations.
4. RESULTS AND DISCUSSION
The effect of individual parameters like temperature, pressure, total flow rate, and the H2/Ar molar ratio was investigated by varying one parameter and keeping all other parameters at a constant value. The dimensionless numbers, such as Reynolds number, Peclet number, and Grashof number, were used to correlate the heat transfer and flow dynamics inside the reactor. These numbers helped to understand how the key process parameters affect the quality of the film11,32. The reactor Reynolds number (Re) is defined as
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where u and d are the average velocity inside the reactor and diameter of the reactor, respectively. The Grashof number (Gr) signifies the extent of natural convection and was given as
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where Ts is the average plate temperature, T0 and H are the inlet temperature and the distance of the plane from the bottom substrate. The rotational Reynolds number (Reω) accounts the effect of forced convection caused due to the rotating substrate, which is expressed as: 
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where r and ω are the radius of the substrate and speed of rotation of substrate, respectively. The contribution of advection over conduction heat transfer was quantified using the Péclet number (Pe) as  
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The aforementioned dimensionless numbers were calculated by cutting a circular horizontal cross-section at a given height and taking an average of the desired quantity over the plane. The maximum rotation speed up to 3 rpm was used due to hardware limitation, and it was found that no significant effect was caused by 
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 in all simulations. 
4.1 Effect of temperature
Figure 2 (a) depicts the temperature profile inside the reactor when the reactor was maintained at 10000C. There was a slight drop in temperature near the inlet due to the difference in the inlet (800C) and reactor set temperature. However, the simulation predicts uniform temperature through the reactor. Besides, it has also been observed that the temperature of the bottom plate was non-uniform because of the cooling provided by the incoming gas. The corresponding velocity profile is also shown in Figure 2 (b). The velocity of the gas mixture was relatively high at the inlet and formed a jet-like profile at the center of the reactor. This type of flow pattern is highly detrimental for film growth performance as it non-uniformly showers the reactant all over the plate. 
The rate of deposition as a function of temperature is plotted in Figure 2 (c) to gain more insights into the deposition mechanism. The rate of deposition increased with an increase in the temperature up to 17000C, and thereafter it was independent of temperature. This indicates that the deposition step is kinetically controlled in the range of 800-17000C, whereas, it is controlled by mass transfer at higher temperatures (<17000C). In the mass-transfer-controlled regime, the deposition rate is proportional to the concentration of MTS, and it is almost independent of reactor temperature. The identification of limiting steps for the deposition process is very crucial for tuning the final quality of the film. For example, the film produced in the mass transfer controlled regime is highly crystalline and does not need post-processing treatment. However, the film grown in such regime may not have the desired performance. Therefore, the reactor temperature is a critical parameter to obtain the intended film quality.  
4.2 Effect of pressure
The deposition contours, along with velocity vectors as a function of pressure, are presented in Figure 3. The simulations were performed at six different pressures in the range of 80-1000 mbar. However, the results for 100, 250, 500, and 1000 mbar were presented for brevity. It has been observed that the rate of deposition increased with an increase in the operating pressure. On the other hand, the uniformity index is adversely affected by high pressure. This effect can be attributed to buoyancy-driven flow occurs inside the reactor at high pressure. At high pressure (say 250 mbar onward), the formation of large eddies between the wall and substrate was also noticed. The formation of eddies makes the reactants spread non-uniformly over the substrate, which results in a decrease in uniformity index. The variation of Re, Pe, and Gr/Re2 numbers at various operating pressures are also shown in Figure 4. The Gr/Re2 ratio increased with an increase in the reactor pressure, which corroborate the buoyancy-dominant flow at high pressure. Besides, it has been found that Re number inside the reactor increases with reactor pressure. Since the thickness of the hydrodynamic boundary layer is inversely proportional to the Re number, therefore a higher Re number facilitates the diffusion of gases in the boundary layer and hence increases the deposition rate. However, careful analysis of the present study revealed that the increase in deposition rate is not due to the thinning of the boundary layer but due to the increase in the partial pressure of reactants. 
Interestingly, the deposition rate is higher at the bottom plate compared to the top plate at pressure < 500 mbar. However, the opposite effect was observed at low pressure. This indicates that the hydrodynamics of the reactor is strongly dependent on the reactor pressure. In addition, the significant amount of recirculation in the flow was observed near the upper plate at low pressure, but this phenomenon was almost absent at high pressure. This effect is mainly due to the presence of baffles, which create the backflow near the top plate. Thus, the above findings revealed that the quality of the film is susceptible to reactor pressure, and therefore it should be judicially selected.
4.3 Effect of total flow rate
Figure 5 depicts the effect of the total gas flow rate on the uniformity and deposition rate. It can be observed that the deposition increases with the flow rate, whereas the uniformity index is affected at a high flow rate. The dimensionless numbers, namely Re, Pe, and Gr/Re2, were also estimated to investigate the effect of the total inlet flow rate on the deposition process. Figure 6 describes the variation of dimensionless numbers across the four plates. It can be noted that the Re and Pe numbers are still in the laminar regime for all simulations. The Gr/Re2 ratio increased as the flow rate was increased from 10 to 60 lpm. The increase in the Gr/Re2 ratio is the manifestation of natural convection-driven recirculation inside the reactor. The natural convection-driven flow results in the formation of eddies. As a result, the gas-phase species was trapped by these circulation loops and isolated from the main flow (see Figure5). Therefore, the low rate of deposition was observed in the region where a large number of eddies are formed. Moreover, the deposition on the topmost plate was influenced due to the presence of baffles at low flow rates. However, the effect of baffles was not realized at a high flow rate. Besides, the careful analysis of the results discloses that the rate of deposition is mass transfer controlled at a low flow rate, and it changes to a kinetically controlled at a high flow rate. 
Further, it can be seen from the figure that a high deposition rate was observed on the bottom plate compared to the top plate at a high flow rate (say 60 lpm). This behavior can be attributed to the increased in the buoyancy force at a high flow rate. Thus, the uniformity and growth rate were considerably influenced by the total flow rates, suggesting that there is an optimal value for the inlet flow rate. 
4.4 Effect of H2/Ar molar ratio 
Figure7 depicts the SiCl2 mass fraction and velocity contours for various H2/Ar molar ratio. From the figure, it is clear that the distributions of the reactants depend on the H2/Ar molar ratio. The relatively high deposition rate was observed at a high H2/Ar molar ratio. However, the uniformity of the film decreased as the H2/Ar molar ratio was increased to 3. It should be noted that the concertation of hydrogen used in all simulations was more than that of the required stoichiometric amount. At a low H2/Ar molar ratio, diffusion of SiCl2 in the concentration boundary layer is very slow, which makes the deposition process to be a diffusion-controlled. On the other hand, the deposition step became kinetically controlled due to the rapid diffusion of SiCl2 at a high H2/Ar molar ratio. The variation of Re, Pe, and Gr/Re2 numbers are plotted as a function of the H2/Ar molar ratio in Figure 8. These dimensionless numbers increase as the H2/Ar ratio increases. The high value of Gr/Re2 confirms the fact that unstable flow patterns were formed due to the formation of natural convection loops at a high H2/Ar molar ratio. Therefore, it is challenging to control the desired deposition and uniformity index at a higher H2/Ar molar ratio. The optimal deposition and uniformity were obtained when the H2/Ar molar ratio is close to 1. 
The CFD results were validated by comparing the experimental and simulated results. The simulated temperature and pressure profile inside the reactor was found to be consistent with experimental observations. The experiment was also performed at a temperature of 10000C, the pressure of 100 mbar, H2/Ar ratio =1 with a total flow rate of 20 lpm. The rate of deposition was calculated by measuring the weight of the sample before and after the experiment, and the rate of deposition was found to be 3.77x10-7 kg/m2.s. The predicted rate was matched 93% of the experimental value. Thus, the present model exhibit an excellent ability to predict the effect of various process parameters on film performance and can be used to predict the behavior of the commercial CVD reactor.
4.5 RSM results and optimal conditions 

The combined CFD-RSM studies were performed to find the optimum operating ranges that would result in a high rate of deposition and uniformity index. For the maximization of these parameters, the operating parameters were chosen within the hardware limitations of the reactor. The values were narrowed to 800-10000C for temperature, 50-150 mbar for pressure, 0-20 lpm for flow rate, and 0-1.5 for molar H2/Ar ratio. The result of the analysis of variance (ANOVA) test for the RSM fitting is presented in Table 3. The F-test of the regression analysis results in a p-value <0.05, which indicates that all the four parameters are significant. Moreover, the high values of the regression coefficient (97.27% for deposition rate, 90.22% for uniformity index) were also obtained. The linear and two-factor interaction models were used to optimize the rate of deposition and uniformity index, respectively, and they are given as
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where y1, y2 is the deposition rate and uniformity index, respectively, and x1, x2, x3, and x4 represent coded temperature, pressure, flow rate, and H2/Ar ratio, respectively. The objective function, D(x), as defined in terms of the desirability factor was determined by the geometric mean of the best combination of all the responses. The objective function is given by 
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where di is the desirability of individual response yi, and n represents the number of responses. The desirability factor ranged from zero to unity and was coded in such a way that it maximizes the deposition rate and the uniformity index simultaneously. Figure 9 depicts the response surface plots for various process parameters. The contours of the desirability factor as a function of temperature and pressure with a constant flow rate of 20 lpm and an H2/Ar molar ratio of 1.5 indicates that the maximum desirability can be achieved at a pressure of 150 mbar and a temperature of 8000C (Figure 9 a). The deposition rate is relatively higher at low temperature and high pressure. Figure 9 (b) shows the desirability contours for various temperatures and H2/Ar molar ratios, keeping pressure (150 mbar) and a total flow rate (20 lpm) at a constant value. The high desirability can be obtained at a low temperature and a high H2/Ar molar ratio. Figure 9 (c) and (d) suggest that high pressure, flow rate, and H2/Ar molar ratio would favor high desirability. The optimal conditions for the reactor within the hardware limitations are given in Table 4 and provide the maximum desirability of 0.789.
5. CONCLUSIONS
This work focused on the 3D modeling and optimization of a commercial hot-wall CVD reactor with multiple substrates for SiC deposition using a mixture of MTS/H2. The comprehensive 3D model was developed to predict the rate of deposition and the uniformity of the film. The proposed model was validated against the experimental data, and it was found that the model presents an excellent ability to predict the effect of critical process parameters such as temperature, operating pressure, total inlet flow rate, and H2/Ar molar ratio on the film performance. Moreover, the heat transfer dynamics and hydrodynamic of flow inside the reactor were understood by incorporating various dimensional numbers in the simulations. Besides, the response surface analysis was carried out to investigate the nonlinear interacting effect of the key operating factors on the film quality. The optimization that searches the factor space for the best trade-offs to achieve significantly better SiC film growth performance was proposed by combining the CFD-RSM modeling. This approach was proven to be useful in obtaining the optimal process design for the commercial CVD reactor. Further, the results also revealed that the optimized process conditions render a better film quality, thereby reducing unnecessary real-time experiments. 
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Table 1: Kinetic parameters used in the gas phase and surface reaction.
	Reaction
	Pre-exponential factor
(s-1)
	Activation energy
(J/kmol)

	Gas-phase reaction
	1×1015
	1.2×108

	Surface reaction
	2.815×10-4
	5×107


Table 2: Range of operating parameters used in the simulations.
	Parameter
	Range 

	Temperature
	800-23000C

	Pressure
	80-1000 mbar

	Speed of rotation
	1 rpm

	H2/Ar molar ratio
	0.1-3 

	Total flow rate
	10-60 lpm

	Inlet temperature
	800C

	MTS flow rate
	600 mg/h


Table 3: ANOVA for response surface model for all responses.
	Source of variations
	Rate of Deposition
	Uniformity Index

	
	Freedom degrees
	Sum of squares
	Mean square
	F-value
	p-value
	Freedom degrees
	Sum of squares
	Mean square
	F-value
	p-value

	Regression
	10
	57.75
	5.78
	293.1
	<0.0001#
	4
	1.18x10-3
	2.97x10-4
	40.19
	<0.0001#

	Residual
	7
	0.14
	0.02
	
	
	13
	9.60x10-5
	7.39x10-6
	
	

	Total
	17
	57.89
	
	
	
	17
	1.28x10-3
	
	
	


# significant values

Table 4: Optimal operating conditions and predicted and simulated results.
	Temperature

(0C)
	Pressure

(mbar)
	Flow rate (lpm)
	H2/Ar

ratio
	Rate of Deposition (RD)
	Uniformity

Index (UI)

	
	
	
	
	Simulated
	Predicted
	Simulated
	Predicted

	8000C
	150
	20
	1.5
	7.26
	7.205
	0.992
	0.988
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Figure 1 Schematic of the SiC coating process a) Geometry of the reactor. b) Baffles c) Substrate geometry d) Reactor plate.
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Figure 2 a) Temperature profile inside the reactor b) normalized fluid flow directional vectors and variation of deposition rate with temperature (Process conditions: MTS flow rate = 600 mg/h, Total flow rate = 20 lpm, H2/Ar molar ratio = 1, temperature=10000C, and pressure=100 mbar). 
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Figure 3 Velocity vectors and the deposition contours near the substrate at a) 100, b) 150, c) 500, and d) 1000 mbar, respectively (Process conditions: MTS flow rate = 600 mg/h, total gas flow rate = 20 lpm, H2/Ar molar ratio = 1, temperature =10000 C).
Thrhthe
[image: image30.png]2235

5:150:

340

o 360

R

180

| —u— 1000 mbar

75

|—— 500 mbar
—A— 100 mbar
0.00 0.25 0.50 0.75 1.00
\\- .
1
P) —— —0
A— —A— | —h—— -4
0.00 0.25 0.50 0.7 1.00
| ¥ g
- . o “
A— —h— : Y — A
0.00 0.25 0.50 0.75 1.00

Normalised Distance




Figure 4 Distribution of various dimensionless numbers at various pressures (Process conditions: MTS flow rate = 600 mg/h, total gas flow rate = 20 lpm, H2/Ar molar ratio = 1, temperature =10000 C). 
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Figure 5 Velocity vectors and deposition flux (kg/m2s) contours for flow rates a) 10, b) 20, c) 30 and d) 60 lpm. (Process conditions: MTS flow rate = 600 mg/h, H2/Ar molar ratio = 1, temperature =10000 C, pressure= 100 mbar).
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Figure 6 Distribution of dimensionless numbers on the substrate for different flow rates. (Process conditions: MTS flow rate = 600 mg/h, H2/Ar molar ratio = 1, temperature =10000 C, pressure= 100 mbar). 
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Figure 7 Mass fraction of SiCl2 and rate of deposition contours for H2/Ar molar ratio a) 0.1   b) 0.33 c) 1 and d) 3. (Process conditions: MTS flow rate = 600 mg/h, total flow rate = 20 lpm, temperature =10000 C, pressure= 100 mbar). 
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Figure 8 Distribution of dimensional numbers for various H2/Ar molar ratio.
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Figure 9 Response surface contours of the interactive effect of parameters targeting desirability for a) temperature vs. pressure, b) temperature vs. molar H2/Ar ratio, c) flow rate vs. pressure, and b) molar H2/Ar ratio vs. pressure.
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