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ABSTRACT 
 
In this study temperature distribution and gas flow inside a planetary type reactor in which a number of satellites on 

a spinning susceptor were rotating were analyzed using numerical simulation. Effects of flow rates on gas flow and 

temperature distribution were investigated in order to obtain design parameters. The commercial computational fluid 

dynamics software CFD-ACE+ was used in this study. The multiple-frame-of-reference was used to solve continuity, 

momentum and energy conservation equations which governed the transport phenomena inside the reactor. Kinetic 

theory was used to describe the physical properties of gas mixture. Effects of the rotation speed of the satellites was 

clearly seen when the inlet flow rate was small. Thickness of the boundary layer affected by the satellites rotation 

became very thin as the flow rate increased. The temperature field was little affected by the incoming flow rate of 

precursors. 
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1. 서  론1 

The line width of the semiconductor devices has 

become very narrow as devices, in particular, the capacity 

of memory devices has increased. For Si MOSFET which 

is one of the typical semiconductor devices, it has 

inevitably decreased in horizontal and vertical size. 

According to the trend of nano-sizing transistors of the 

size of 20 nm have already been developed and fabricated. 

For transistors, issues called the short channel effect have 

turned up as the length of the gate become shorter in 

accordance with miniaturization. As a solution of these 

issues, a technique of applying silicon epitaxial growth in 

the areas of the source and drain has been used. In addition, 

Si or SiGe epitaxy is expected to be the important 

techniques required as channel materials in the transistors 

of the size of 10 nm or less [1]. 

It is important to mass-produce the semiconductors in 
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order to lower the production cost, which also requires Si 

epitaxial growth to be performed on several wafers at a 

time. Fig. 1 shows the susceptor part of a so called 

planetary type CVD reactor which processes several 

wafers at the same time [2]. In this reactor, several wafers 

are placed on the susceptor which rotates at the constant 

speed in order to obtain a uniform distribution of 

temperature and concentrations. There are the so-called 

satellites on which wafers are placed on top of them, 

which rotate in the opposite direction to the susceptor 

during the process. Temperature difference shall be within 

1℃ in order to make the epitaxial film uniform in 

thickness and concentration and the revolution of 

susceptor and the rotation of satellites are known to play 

an important roles in maintaining the constant temperature 

[3-5]. 

Ni et al.[6] have studied about silicon epitaxial growth 

in a bell type CVD reactor. They have solved fluid flow, 

heat and mass transfer and growth rate during Si epitaxial 

growth. There was no rotating part which was the main 
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feature considered in this study, however. On the effects of 

wafer rotation to the growth of thin films, several study 

results [7, 8] have already reported. Flow behavior in a 

reactor is very complicate because of the simultaneous 

rotations of a susceptor and satellites. Mandal and 

Sonawane [9] simulated flow inside differentially heated 

cavity like a reactor using Navier-Stokes (NS) equations 

derived in rotating frame of reference and the other NS 

equations in inertial frame of reference. They reported that 

results of the non-inertial formulation were found to match 

well with those reported in literature. 

This study analyzed the flow and temperature 

distribution in the reactor in order to understand the 

transport phenomena of multi-wafer CVD reactor for Si 

epitaxy as shown in Fig. 1. The revolution of the susceptor 

and the rotation of satellites were included in the analyses 

using multiple reference frames. The radiation heat 

transfer between solids was also considered. 

 

2. Numerical Analysis 

Fig. 1 illustrates the simplified interior part of the CVD 

reactor considered in this study. The bottom wall 

represents the graphite susceptor on which 5 satellites as 

wafer position are placed. The susceptor rotates at the 

speed of 0.5 rad/s to the counterclockwise and satellites 

rotate at the as twice as the speed of the susceptor to the 

opposite direction to the susceptor. 
 

 
(a) 

 
(b) 

Fig. 1. (a) Susceptor part with satellites of a multi-wafer 

CVD reactor, (b) cross sectional view of the reactor 

with boundary conditions. 

Table 1. Flow rates at the inlet considered in the simulations. 

 
H2 

(slm)
DCS 

(sccm) 
HCl  

(sccm) 
P 

(Torr) 
Tsus (K) 

Case 1  20  200 100 30 1003 

Case 2  40  400 200 30 1003 

Case 3 230 1000 900 30 1003 

 

Three inlets are located at the center of the susceptor 

through which HCl and DCS(dichlorosilane, SiH2Cl2) 

diluted with hydrogen is flowed into the susceptor at a 

constant flow rate. Introduced gases form a Si epitxial film 

on the wafer through the gas phase reactions and the 

surface reaction. The remaining gases and byproducts are 

discharged through outlets on the edge of the susceptor to 

the outside. Fig. 1 (b) represents the half right-side cross 

sectional view of the reactor and boundary conditions. 

Temperature of the susceptor and ceiling is maintained at 

constant values during the process and 1003 K and 923 K 

are chosen in this study. These are within typical process 

temperature for Si epitaxial growth. Flow rate at the inlet 

is varied as shown in Table 1. 

Continuity equation, momentum equations, energy 

conservation equation and gas species mixing were solved 

simultaneously in order to analyze the transport phenomena 

inside the reactor. Governing equations for this simulation 

are as under; 

 

                   (1) 

           (2) 

  (3) 

where p is the pressure,  is the velocity component in 

the i-th direction,  is the density,  is the vector of 

gravitational acceleration and  is the viscosity. Ideal 

gas law is used to determine the gas species mixing. 

Mixture thermal conductivity based on kinetic theory is 

calculated from the following relation; 
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                (4) 

w h e r e ,  	 , is the 

molecular weight and is the mole fraction of i-th 

species. 

With Re number of 400 or less at the inlets of the reactor, 

flow was assumed to be laminar. The mixed gas was 

assumed to be an ideal gas and the kinetic theory was 

applied to its viscosity and thermal conductivity. JANAF 

(Joint Army-Navy-Air Force) method was applied to the 

specific heat of the mixture and Stefan-Maxwell equation 

to the multi-component diffusion. The diffusivity was also 

calculated from the kinetic theory. 

As shown in Figure 2, the computational domain was 

divided into the structured grid of hexahedral elements and 

a finer mesh was used around the inlets, susceptor, and 

ceiling where steep gradient in temperature and velocity 

were expected. The grid system was used in the 

calculations after the first coarse grid of about 450,000 

cells was tested. Three different grid systems composed of 

450 000, 700 000, and 2 200 000 were compared with 

each other in order to check grid dependency. The 

intermediate grid system with 700 000 cells was used due 

to the accuracy and efficiency. CFD-ACE+, a commercial 

computational fluid dynamics analysis program[10] was 

used for the analyses. 
 

 

 
(a) 

 

 
(b) 

Fig. 2. Cross sectional view of the grid systems, the total 

number of the cells for the entire domain was about 

(a) 2,213,000, (b) 700,000. 

 
(a)                      (b) 

 
Fig. 3. (a) Velocity vector matrix diagram just above the 

susceptor and satellites surface, (b) Contour map of 
DCS molar fraction for the central region depicted 
by dotted line in (a). 

 

 

Fig. 4. Pathlines from the middle inlet where DCS diluted 
by hydrogen gas was introducing. 

 

 
Fig. 5. Velocity vectors at the cross section of the reactor. 

 
 

3. Result and Discussions 

Fig. 3 (a) shows the velocity vectors of case 2 just above 

the surfaces of the susceptor and satellites. Color of 

vectors is dependent on the DCS molar fraction. Fig. 3 (b) 

shows contour map of the DCS mole fraction for the 

dotted area in (a). Complex flow fields can be seen due to 

the opposite rotations of the susceptor and satellites. Flow 

direction was obviously affected by the rotation of the 

satellites. However, main flow direction was from the inlet 

to the outlets as shown in Fig. 4. From the pathlines of 

case 2, it can be said that most of the gases flow straight 

from the inlets to the outlet although the susceptor and 

satellites are rotating. 

Fig. 5 shows the velocity vectors of Case 2 in the cross-

section. Too large vectors at the inlet and outlet were 

omitted in order to show flow field clearly. Velocity 
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magnitude of the feed gas flowing in the inlets at a high 

speed continuously decreased in proportion to the rapid 

expansion of the cross-sectional area along the radial 

direction. A high speed was shown at the inlets and the 

outlets due to their small area. Figure 6 shows the velocity 

vector at 1 mm above the susceptor and satellites surfaces. 

In Fig. 6(a), effects of the satellites rotation to the gas flow 

is clearly seen because velocity vectors above the satellites 

had different directions to them above the susceptor due to 

the opposite rotation direction. However, effects of the 

satellites rotation is not clear when a larger inlet flow rate 

was used as can be seen in Fig. 6(b). 

Gas velocity just above the susceptor and the satellites 

shows the opposite tendency according to the radial 

direction of the susceptor. Velocity magnitude in Fig. 7 is 

increasing with the increase of the radius of the susceptor 

because the linear velocity is proportional to the radius 

with a constant angular velocity. 

 

     
(a)                    (b) 

Fig. 6. Velocity vector matrix diagram 1 mm above the 
susceptor and satellites surfaces, (a) Case 2 and (b) 
Case 3. 

 

 
Fig. 7. Velocity magnitude profiles just 0.1 mm above the 

susceptor surface for different flow rates. 

 
Fig. 8. Velocity magnitude profiles just 0.1 mm above the 

satellite surface different flow rates. 

 

However, as can be seen in Fig. 8, the velocity 

magnitude on the satellites is decreasing along the radial 

direction towards the exit. This is because the influence of 

counter rotation of the satellite to the susceptor. Overall 

velocity magnitude is increased according to the flow rate. 

Velocity magnitude at the center of the satellite (r*=0.5) is 

almost identical to the susceptor revolution speed at Case 

1 and Case 2 because there is not any satellite rotation 

effect. But at Case 3, the velocity of the center of satellite 

is higher than the susceptor revolution speed. This is due 

to the large amount of gas flow rate and it makes the 

velocity boundary layer be thin. The velocity magnitude 

will be the same with the susceptor rotation speed if 

measured nearer to the surface. The radial coordinates of 

the horizontal axis if Fig. 7 to Fig. 11 is the non-

dimensionalized values using the equation r*=(r-r1)/d. 
 
 

 
Fig. 9. Velocity magnitude profiles at 1 mm above the 

satellite surface for different gas flow rates. 
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Fig. 10. Velocity magnitude profiles at 17 mm above the 

satellite surface for different gas flow rates. 
 

 
Fig. 11. Temperature profiles along the radial direction at 1 

mm above the satellite surface. 

 

Figs. 9 and 10 show velocity magnitude along the 

susceptor radial direction at 1 mm and 17 mm above the 

satellite surface. The speed of the gas mixture is slow 

down along the radius of the susceptor. It is due to the 

increased cross-sectional area with the increasing radius of 

the susceptor. The gas mixture is spread out radially from 

the inlet. Therefore, the speed is reduced in proportion to 

the square of the radius. The effect of the susceptor 

rotation is almost absent in these figures. 

Fig. 11 shows the temperature profiles along the radial 

direction at 1 mm above the satellite surface. For small gas 

flow rates such as Case 1 and Case 2, the temperature is 

almost constant along the radial direction. Temperature 

near the inlet is about 11 K lower for the Case 3 than the 

other two cases. It takes some distance to heat the gas 

mixture up when the large amount of gas is introduced. 

Cold gases are heated as soon as they are introduced to the 

reactor when the flow rate is not large. Temperature 

distribution is almost the same for three different flow 

rates. It can be said that the thermal boundary layers are 

almost identical in thickness above the satellites, which 

plays a very important role in film deposition rate. 

However, it is difficult to say whether such a temperature 

distribution could be obtained in the actual reactor since 

the constant temperature at the upper part of the actual 

reactor is not uniform in the radial direction. Additional 

parts such as a ring heater on the ceiling have also to be 

included to the next simulations. 

 

 

4. Conclusion 

In this study, gas flow and temperature distribution of 

the multi-wafer CVD reactor for the Si epitaxial growth 

were analyzed. Although the structure of the reactor was 

simplified as the first step of the study, the three-

dimensional analysis was performed taking all these 

considerations of the revolution of the susceptor and the 

rotation of satellites into account. As analyses results, a 

reasonable velocity field and temperature field were 

obtained. The main flow was almost straight from the inlet 

to the outlets. Gas speed was increasing on the susceptor 

and decreasing on the satellite with the susceptor radius. It 

takes some distance to heat the gas mixture up when a 

large amount of flow rate was introduced through the 

inlets. 
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Nomenclature 

Roman letters 
d  = diameter of a satellite  
g  = gravitational acceleration 
h  = enthalpy of the gas mixture 

k = thermal conductivity 
 = molecular weight 

p = pressure 
r = the radial coordinate 
r* = dimensionless radial coordinate 
T = temperature 
u = velocity component 
x = coordinates, mole fraction 
z = coordinates 
 
 
Greek symbols 
 

 = viscosity 

  = density 
 
 

Subscripts 
1 = satellite starting position 
c = ceiling 
i = i-th species 
sus = susceptor 
w = wall 
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