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ABSTRACT 

A one-dimensional model has been developed which describes the 

interactions between hydrodynamics, multicomponent heat and mass 

transfer, and reaction kinetics for the rotating disk system. The 

analysis includes variable physical properties and finite interfacial 

velocity and has provision for an arbitrary number of simultaneous 

homogeneous and heterogeneous reactions. The model has been applied 

to the chemical vapour depositiOn of silicon from silicon tetrachioride 

in excess hydrogen. Predictions for the dependence of silicon production 

rate on disk temperature and rotation rate are compared with available 

experimental data. 

4. 



INTRODUCTION 

Many chemical syntheses with important industrial applications 

involve simultaneous homogeneous and heterogeneous reactions. In the 

semiconductor industry there is considerable interest in chemical vapour 

deposition of high quality silicon and germanium. Tubular reactors, 

where reactant gases pass across the growing surface, have been used for 

silicon deposition from SIC1 4  (alternatively,. SiHC1 3  or S1C12 ) in excess 

hydrogen. Experimental studies in •  these systems have included s.pectro-

scopicidentificationof gas phase species and measurement of composition, 

temperature, and velocity profiles in the diffusion layer adjacent to 

the siisceptor surface [1-4]. 

A theoretical analysis of silicon deposition in a tubular flow 

reactor has considered the effects of heat, mass, and momentum trans-

fer [5].  However, the complex nature of the transport processes neces-

sitated incorporation of certain assumptions, such as constant physical 

properties and fully developed flow profiles, into the model. 

The rotating disk has been used to study chemical vapour deposition 

because the hydrodynamics and mass transfer characteristics of this 

system are relatively well understood. A one-dimensional model has been 

developed for .the transport-limited reaction of iodine and germanium [6]. 

This analysis includes the effects of density variations in the boundary 

layer, multicomponent diffusion, and finite interfacial velocity. However, 

it is assumed that the system is isothermal and that the axial velocity 

depends linearly on the distance from the disk surface. Eitaxial growth 
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of silicon has also been studied by the rotating disk method [ 7 ]. The 

model includes natural convection and temperature variations but it 

assumes constant physical properties and equilibrium in the gas phase, 

and it is not able to account fully for the experimentally observed 

temperature dependence of silicon growth rate. 

This paper presents a general approach to the analysis of silicon 

deposition on a rotating disk. The model cons:iders multicomponent heat 

and mass transfer, coupled with laminar fluid flow, and simultaneous 

homogeneous and heterogeneous reactions with finite reaction rates. 

Variable physical properties are included, as well as a finite inter-

facial velocity at the disk surface. The analysis can be used to inves-

tigate the influence of disk temperature and rotation rateon the depo-

sition process and to consider the rate-limiting factors in the system. 

The formulation of the silicon deposition problem has been developed in 

a general manner so that it can be readily applied to a wide variety of 

different physical situations. 

Transport Phenomena 

Momentum, heat and mass transfer for a rotating disk are modelled 

subject to the following restrictions: (1) steady-state operation; 

(ii) laminar flow of Newtonian fluid; (iii) no viscous dissipation of,  

energy; (iv) radiation and natural convection neglected; (v) 

effects; (vi) ideal gas mixture. These assumptions simplify 

culational procedure significantly. The ideal gas condition 

in the absence of information required to justify a more sop 

equation of state. The validity of assumptions (iv) and (v) 

noend 

the cal- 

is necessary 

isticated 

is dis- 

cussed below. 
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With these restrictions, it can be shown that the velocity component 

normal to the disk, and the gas composition, depend only on the axial 

cordinate, so that the surface is uniformly accessible from a mass 

transfer standpoint. Consequently, the transport properties are also 

independent of radial position, and the problem becomes one-dimensional. 

The transformation of von Krjnn [81 suggests that, with cylindrical 

cordinates, the velocity components and the pressure can be expressed 

as [9]: 

v r = r Q F() , 	v0  = r 2 G() , 	v z 
	

,rVC Q H(?) ) 
() 

p = p QP () + g 	pdz 	j 

where 

(2) 
CO 

and where the direction of gravitational acceleration is taken to be 

perpendicular to the disk su.Tface. Equations (1) define dimensionless 

functions F, C, H, and P and show how velocity components and pressure 

depend on disk rotation speed and on the codrdinates for radial and 

axial position, r and 	. 

The steady-state equations of motion and continuity of the fluid are: 

pvVv 	-Vp - VT+pg 	 (3) 

V•(pv) = 0 	 (4) 

where the viscous stress for a Newtonian fluid is 

= -p[Vv + (V)T] + 4 pI Vv 	 (5) 
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Substitution of Eq. (1) into equations (3) and (4), gives 

	

2F + H' = - H dlnp 
	 (6) 

dC 

for the continuity equation 	and, with Eq. (5) 

2 - G 2  + HF' = - - --( 	) 
P. dC 	lic'. 	 (7) 

	

ocx, d 	C' 
2FG + HG' = -- --- ( 	- ) 

HH' + F" = 	- [- (H'_F)] ± 	 (8) 

for the equations of motion [10. The boundary conditions include 

F = 0, C 	1 at 	0 
(9) 

FG0 	at C 	co. 

In addition, the normal velocity component is related to the mass 

transfer rate at the surface by the definition for the mass average 

velocity, 

v 	1 M. N. 	, 	 (10) 
- p i

1—]- 

where N. is the molar flux of species i. 

The fluid density p, used in the equations above, is directly 

related to total gas concentration by 
1 

p=c  
a' 

where H = 	x.M.. The concentration is, in turn, related to pressure 
.11 
1 

with the ideal gas law, 

p=cRT  
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A steady-state, thermal energy equation for an ideal gas mixture 

can be rewritten as [11] 

4 

cC vVT 	V(kVT) + vVp - 	(J. VH. + R.R.) 	, 	(13) 

provided that viscous energy dissipation and the Dufour energy flux can 

be neglected. The last term on the right represents thermal effects due 

to interdiffusion of species and homogeneous chemical reactions, J. is 

the flux of species ± relative to the mass average velocity, given by 

J. = N. - c.v 	, 	 (14) 
-1 

and C is the mean, specific heat of the mixture, defined as 

C = Ex.0 	 . 	 (15) 
p 	ipi 

Equation (13) can be expressed in dimensibnless form as 

HT' = PrT [ 	
T" + T' d(k/k) I + RTh dlnp + STT'+  UT 	(16) 

The dimensionless quantities Pr, s, and U are defined by 

pp 
Pr = 	 , 	

. 	 (17) 
CO 

pkN 
= CO CO 

-p EJ;C 

S 	= 	-. 
	 (18) 

r p4X 



CO 

and = - 

	pT 	
, 	 (19) 

respectively, where J. = J.Ic v7 I , and R. = R. _ Ic2 	, and where 
1 -1 = 	 1 	1 

S 

for an ideal gas. The temperatures of the disk and the bulk fluid 

are specified as boundary conditions for Eq. (16). 

The multicomponent diffusion equation [11] 

M.Vp\ 	 c: 	 D T 
	D.T 

i 
C. (. + . VT - 1 ) = RT 	

k 	 - _1_)vlflT 	(20) 
1 	1 	1 	 ki CVik 	-1 	

"k 	i 

describes the motion of species i relative to the surrounding fluid. 

If thermal diffusion is assumed to be negligible, and if the gas mixture 

behaves ideally, Eq. (20) may be wiitten in dimensionless form as 

M. 	 x.J -x,J. 

Vx1  + . 
1 	

- —1-Vlnp = 	i kD 	
K 1 	

, 	 ( 21) 
\ 	

N 	ki 	1k 

where Dik is a dimensionless transport property for binary interactions, 

defined as D ik = c V ik  Ic v . For a mixture of n species, there are
co

(n-l) indetendent forcebalances in the form of Eq. (21), and there are 

- n(n-l) independent transport properties because D. is not defined 

and, by Newton's third law of motion, D ik 	
D ki 

A steady-state materialbalance in the gas phase is 

	

VN. = R. 	 (22) 
-1 	1 

where R. is the net homogeneous rate of production of species i. 



-7- 

Equations (21) can be inverted nuinerical1ytogive_p4çi.t xpx.ess:Lons-. 

for the fluxes, which can then be substituted into Eq. (22) to give a 

dimensionless material balance, 

[x,Rk_xkRi 	cH / 
	__ 	._ 	_(i\_ 	(_ 	2

d 2  k1 	Dik 	cDik 	
d 	Xk dç 	k dç kD.k / 	I d 	D.kJJ '

OD 

for the one dimensionless problem considered here. There are n-i indepen-

dent force balances with the form of Eq. (23) which can be used, in con-

junction with the relationship between the fluxes 

N. J. = 0 	 (24) 
1 1 

1 

to describe mass transfer in a multicomponent system. 

In this way, it is possible to incorporate the conservation conditions 

while still leaving the overall continuity equation (4) to be counted as 

one of the hydrodynainic equations. Furthermore, arbitrary selection of 

one of components is not required in order to replace a species material 

balance with Eq. (24.) or to invert the Stefan-Maxwell relations (21). 

At the disk surface, n-i Stefan-Naxwell relations, Eq. (21), are used, 

together with the relationship between mole fractions, x. = 1. Far from 
11 

the disk, the compositions approach their equilibrium values at the bulk 

fluid temperature. 

0. 	 Chemical Reactions 

The equations derived above, which describe the transfer of heat, 

mass, and momentt.m for a disk rotating in an infinite medium, can be used 



to predict the behaviour of systems with an arbitrary number of homogeneous 

and heterogeneous reactions. 

To illustrate the use of this technique, epitaxial deposition of 

silicon from an input mixture of SiC1 4  in excess hydrogen is analysed. 

Theodynamic studies indicate that, for the temperature range of interest, 

five principal species are present in the gas phase; H. HC1, SiC1 4 , 

SiRC13 , and SiC12  [12]. Dichiorosilane (S1H 2 C1 2 ) has also been detected 

under some experimental conditions, but this species is not considered 

explicitly in the present study. 

Several mechanisms have been proposed for the formation of silicon 

from SiC1 4  [2, 13, 141. Bere, it is assumed that SiC1 4  can be reduced 

either homogeneously or heterogeneously by the following reversible 

reactions: 

	

SiC1 + H —s SiHC1 3  + HC1 	 . 	 (25) 
4 	2'c- 

SiHC1 	—s 
3 	 2 

SiC1 + HCl 	. 	 (26) 

On the surface, the deposition reaction 

	

SiC1 + H --- Si(s) + 2HC1 	 . 	(27) 
2 

can also take place. This mechanism may need to be refined subsequently, 

to match experimentally observed behaviour. 

The net rate of each reaction is regarded as the difference between 

the rates of forward and backward reactions and can be represented as 

V. 	 -V. 
28 r 	k f  rix. 	- kj)  7Tx1 1  

V. >0 	V. <0 



Wn 

where k f  and kb  are rate constants for forward and backward reactions, 

respectively. The exponent V 	is the stoichiornetric coefficient for 

species i in reaction 	. It is positive for reactants and negative 

for products, and may be obtained from Eqs. (25)-(27), which are assumed 

to be elementary reaction steps. 

The temperature dependence of the rate constants in Eq. (28) is 

assumed to be given by 

-E / T 
kb = A e 	 (29) 

where E can be regarded as an activation energY for reaction L 

In the model, 5 independent parameters are used to describe.the 
E IT 

kinetic behaviour: E ; 0 =k3b/k 	S = k' 1k' 	
2 	a 5, 

-k e 	c 
a 	1 	lb' 2 	2b ib' 3 lb 	 lb 

-E IT 
0 4 	102 	a s = 	e 	c Q/k' b  . The term E a  represents an activation energy 2  

for the deposition process. Different activation energies could be chosen 

for each reaction, but it isassumed that the temperature dependence of 

the deposition rate will be influenced more by the activation energy for 

the rate-limiting step than by the activation energies for the other 

reactions. The parameters 8 
l 
 and 02  describe the relative rates of the 

two heterogeneous and the two homogeneous reactions, respectively. 8 3  

is a ratio of the rates of the heterogeneous and homogeneous reactions 

and 0 4  specifies the rate of homogeneous production of SiCl 2 , as described 

by Eq. (26), relative to the mass transfer rate characterised by the- 

disk speed, Q 

The forward and backward rate constants are related by an equilibrium 

constant K = klb/kf, which is defined in terms of equilibrium reactant 
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and product compositions as 

in 
= P 71  Xie 

(30) 

In Eq. (30), the activity of any solid phase is taken to be unity, and 

in represents the net number of molecules produced by reaction L. The 

temperature dependence of k 	is predicted from standard heats of 

reaction AH(T) , with 

fl1nK 

L (l/T)] 	
= - H(T)/R , 	 (31) 

and from free energy data at 25 ° C [15], to give expressions of the form: 

in Kcc + 	/T + YlnT 	 (32) 

The coefficients a, 	, 	used for the reactions are summarised 

in Table 1. 

In the gas phase, the net rate of production of species I is given as 

. 	 (33) 

At the surface, a similar summation for the heterogeneous reactions rep-

resents the molar flux N. from the surface relative to the interface. The 
—1 

variables N. and R. link the rates of the individual reactions to the euu2- 
-1 	1 

tions that describe heat, mass, and momentum transfer for the rotating disk. 

Interactions among the governing differential equations are caused 

directly by the inclusion of a finite interfacial velocity (see Eq. (10)) 
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and variable physical properties in the analysis. Relationships for the 

temperature and composition dependences of physical parameters needed in 

the model are summarised in the Appendix. 

For the example of chemical vapour deposition of silicon, with five 

species in the gas phase, the steady state behaviour is described by a set 

of 15 coupled, nonlinear, ordinary differential equations. These equations, 

subject to specified boundary conditions, can be solved numerically by a 

finite difference technique accurate to 0(h 2 ) [11, 16, 171. The model 

can be used to study the influence of process variables on the rate of 

silicon deposition and on the profiles for compositions, velocities, and 

temperature in the diffusion layer. Parameters that must be specified in 

the model include surface and bulk temperatures, inlet, gas composition, 

disk rotation rate, and operating pressure. 

RESULTS AND DISCUSSION 

Preliminary computer simulations indicated that pressure variations 

through the diffusion layer are small and that they do not affect the 

overall behaviour, significantly. Consequently, results are presented 

for a constant operating pressure, which is taken to be 1.013 bar. In 

addition, the influence of bulk gas composition is not considered explic-

itly in this study, and results are for an inlet gas mixture of 1 mol.% 

SiCl 4  in hydrogen. The values chosen for pressure and composition corre-

spond to standard operating conditions for chemical vapour deposition 

of silicon 15]. 
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•
A typical composition profile, with the disk temperature controlled 

at 1473 K and a bulk gas temperature of 293 K, is shown in Fig. 1. The 

gas mixture is assumed to be at equilibrium at the bulk temperature, far 

from the disk. Closer to the surface, the mole fractions alter in 

response to the specified homogeneous and heterogeneous reactions. 

Spectroscopic methods have been used to measure composition profiles 

in the diffusion layer for silicon deposition in a horizontal channel 

reactor, wherereactant gases flow over the susceptor surface [3, 4. 

Tnese measurements indicate the presence of a maximum in SiC1 2  concen-

tration approximately 2 mm from the surface. The magnitude of the maximum 

mole fraction becomes larger further from the leading edge of the crystal. 

Analogous behaviour is expected with the rotating disk system since smaller 

rotation rates, and hence larger diffusion layers, should correspond, at 

least qualitatively, to positions further downstream in the channel flow 

reactor. This is exemplified by the dashed lines in Fig. 1 which show 

the position dependence of SIC1 2  mole fraction calculated at rotation 

rates larger and smaller than the base value. In addition, the model 

predicts a maximum in the SiHC1 3  composition profile, at greater distances 

from the disk surface than the SiC12  maximum. 

Figure 1 is calculated for a particular set of kinetic parameters that 

give a qualitative match between theoretical and experimental composition 

profiles. The relative importance of each parameter is discussed below 

in the context of rotation rate and surface temperature effects. However, 

it is noted here that in order to obtain a maximum in SiCl 2  composition 

it is necessary to eliminate the possibility for heterogeneous SiC12 
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SICI2\ \ \ 

1.0 \6.4 x \ 
I 	t 

0 	4 	8 	12 	16 	20 	24 

C 
XBL 796-10040 

Figure 1. Typical composition profiles in diffusion layer adjacent to 
• rotating disk. Parameter values: T = 1473 K; T CO  = 293 K; Q = 12.57 rad/s; 

p = 1.013 X  lO N/rn2 ;
11 	

= 0.99; l = 25.0; 02 = 10.0; 0 3  = 1.25; 
2  

0 4  = 5/6; E = 1258.18 K. Dashed lines represent 	 profiles for 
a 	 '2 

different disk speeds, 'b 
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production. This is in keeping with some mechanisms that have been 

postulated for the deposition process. 

An approximate estimate of the diffusion layer thichness can be 

obtained from the composition profiles, even though some species reach 
4 

their bulk compositions closer to the surface than others. For the 

example in Fig. 1, an approximate thickness is 5 cm, which is consid-

erably larger than values of 10 2  to io 	cm often encountered with 

electrolyte solutions. 

If the size of the disk and the diffusion layer are comparable, 

it is necessary to consider the influence of radial effects on observed 

deposition rates. A singular pertubation analysis of the elliptic region 

at the edge of a rotating disk that results from radial diffusion has been 

developed previously for fluids with high Schmidt numbers [18]. This 

approach can be generalised to give the ratio A of maximum overall mass 

transfer rates, with and without radial diffusion effects,as 

A = 1 + 1.9193 Re' sc_ 2 	 (34) 

for any fluid but for large values of ScRe "2 . With average values for 

physical properties and with 2 = 12.57 rad/s and r = 2.5 cm, it may be 

shown that Al.l. This analysis indicates that radial effects can 

contribute to an increase in overall silicon deposition rate under these 

conditions, although at higher rotation rates the influence of edge 

effects will be reduced, in accordance with Eq. (34). 

For the operating conditions used in Fig. 1, the variations of some 

physical properties are shown in Fig. 2. The density changes by a factor 
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Figure 2. Dependence of viscosity and density on distance from surface 
of rotating disk. Parameter values as for Figure 1 

p. = 0.1536 kg/rn3 ; p = 9.602 x 10 	 kg/m.s 
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of 6 across the diffusion layer in direct association with changes in 

T and N. Viscosity and thermal conductivity both vary by factors of 

about 3. This leads to a maximum in the axial velocity profile in the 

boundary layer, as illustrated in Fig. 3. In this example, the magnitude 

of the interfacial velocity, which arises from chemical reactions at the 

disk surface, is -2.0 Imn/s. An assumption of zero interfacial velocity 

can lead to errors of approximately 1 to 6% in deposition rate, dependent 

on the process conditions. 

Neasurements of silicon deposition rates at various susceptor temper-

atures and for a fixed rotation speed show that there are two regimes of 

temperature bahaviour in the range 1273 K-1523 K. At higher temperatures 

an apparent activation energy for deposition lies in the range 4-13kJIinol, 

whereas at lower temperatures it is reported as 90-125kJ/mol [7]. This 

change in temperature dependence is attributed to a shift from reaction 

rate control to mass transfer control as the disk temperature is raised. 

An experimental curve, obtained with a rotation rate of 12.5 rad/s 

is given in Fig. 4, where the parameter S represents the actual deposition 

rate, made dimensionless with the quantity c v7v Q. The dashed line is 

the locus of maximum deposition rates calculated with the mathematical 

model. It can be regarded as a combined thermodynamic-mass transfer 

limit since, for this curve, the reactions are locally at equilibrium 

but the finite mass transfer rate through the diffusion layer limits the 

fraction of the bulk fluid that can reach the disk surface. 

There are several possible exnlanarions for the discrepancy between 

the thermodynamic-mass transfer limit and experimental results at high 

4- 
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Figure 3. Velocity profiles for silicon deposition on a rotating disk. 
Parameter values as for Figures 1 and 2. 
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Figure 4. Dependence of dimensionless silicon_deposition rate on disk 
temperature. S = actual deposition rate/c/ Vc,,Q 	Dotted line: experi- 

mental data (7), Q = 12.57 rad/s . Dashed curve: thermodynamic-mass trans-
fer limit for deposition rate. Full curves: theoretical predictions for 
different values of 6 4  with other parameters as in Figures 1-3. 
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temperatures. Firstly, errors in estimates of collision diameters and 

interaction energies for some combinations of speciescould lead to in-

coirect predictions of physical properties such as diffusion coeffi-

dents and viscosity (see Appendix). Errors may also arise from in-

correct predictions of equilibrium constants (see Table 1). A therrno-

dynamic evaluation of the Si-H-Cl system shows that the parameters K are 

particularly sensitive to the standard heat of formation of SiHC1 3  [12). 

Radial effects can lead to enhanced mass transfer rates. However, 

it has been shown (see below Eq. (34))that the magnitude of this effect 

is insufficient to account fully for the differences between experiment 

and theory.. Nevertheless, it should be noted that the analysis of radial 

dependences does not consider the influence of hydrodynamic disturbances 

that could arise from axial motion at the disk edge. 

Even though inlet gases are at 293 K, the wall temperature in the 

experiment is recorded as 671 K [7] and heat transfer between the disk 

and walls and the inlet gas (eg. by radiation) could raise the bulk gas 

temperature substantially. Figure 5 shows the temperature dependence of 

dimensionless deposition rate with T = 673 K. The discrepancy between 
CO 

experimental results and the thermodyarnnic-rnass transfer limit is reduced 

with this new boundary condition, but significant differences still exist. 

Another possible explanation for the enhanced mass transfer rate is 

natural convection. The ratio 

(T -T 
Cr - 	S 	

)g 	
(35) 

T 122r 
av 0 
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Figure 5. Dependence of dimensionless silicon deposition rate on disk 
temperature. As Figure 4, but T oo =  673 K 
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can be used to represent the ratio of bouyancy forces to viscous forces 

in the system. With T 
S 	 av 	 o -T = 1200 K, T 	= 1000 K, r = 2.5 cm, and 

12.57 rad/s , this ratio is approximately 3.0. For an upward-facing 

disk, it has been shown [i]  that natural convection is the dominant heat 

transfer mechanism for Cr/Re2  > 4.1 and that forced convection dominates 

when Cr/Re2  < 0.4. Consequently, for the disk considered in the example, 

there will be a transition region for 10.72 <Q (rad/s) < 34.31. Unfor-

tunately, experimental information for silicon deposition on a rotating 

disk is only available for conditions where natural convection could be 

important. Therefore an exact match between experimental results and 

theoretical predictions based on forced convection should not be expected. 

Nevertheless, under different conditions, such as larger disks and higher 

rotation rates, the model presented will have greater quantitative signif- 

icance. 

Despite the uncertainty in the absolute magnitude of the deposition 

rate, Figs. 4 and 5 both show that the thermodynamic-mass transfer limit 

does not adequately explain the temperature dependence of the deposition 

rate over the whole temperature range considered. With finite kinetic 

parameters it is possible to obtain a satisfactory match between the 

shapes of the the theoretical and experimental curves. In Figs. 4 and 5, 

the kinetic parameters e 1 , e 21  0 3  and Ea  are fixed, and 6 is varied. 

The sets of curves can be interpreted as showing the effect of variations 

either in rotation rate at fixed k 	or in k at fixed Q . Inspection 

of Fig. 4 ( T = 293 K) shows that a value of 0 4  = 5/6 provides a
CO 

reasonable fit between the shapes of the experimental and theoretical 

curves. 
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As the surface temperature is decreased, the 0 4 	5/6 curve moves away 

from the thermodynamic-mass transfer limit and the deposition rate becomes 

more dependent on kinetic factors. However, as T is reduced further, 

equilibrium limitations are expected to become important again and even-

tually, below a surface temperature of approximately 1108 K, silicon 

deposition will no longer be thermodynamically feasible. 

It is necessary to consider the sensitivity of the results to the 

values chosen for the kinetic parameters. Figures 6 and 7 show predicted 

temperature dependences for different values of Ea  with fixed values of 

0 and P and with the value of 6.. matched at 1473 K for the different 
1 	2 

activation energies. The diagrams show that the overall shapes of the 

curves do not depend noticeably on E a 	 a 
for 0 < E < 6290.90. 

- — 

Variations in 01  and 0 3  cause relatively small changes in calculated 

temperature profiles, for fixed values of 8 29  P 4  and E. Changes in 02 

have a more noticeable effect but, as with alterations in E, it merely 

shifts the value of 8 4  which best fits the shape of the experimental 

curve 	From these results it is evident that the dependence of silicon 

deposition rate on temperature alone is insufficient to be able to predict 

most apropriate values for the kinetic parameters. 

Information is also available on the dependence of deposition rate 

on disk speed [7]. Figure 8 shows experimental results and theoretical 

predictions with the same kinetic parameters (01,02103, E) that were used 

in Fig. 4. The deposition rate Sb is made dimensionless with a specified 

rotation rate . which is taken as 26.18 rad/s, close to the midpoint in 

the range of experimental data. The parameter Qs p which equivalent to 
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Figure 6. Dependence of dimensionless silicon deposition rate on disk 
temperature. As Figure 4, but Ea = 6290.90 K and 0 3  = 38.071 
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represents the rotation rate which corresponds to the curve that best 

fits the shape of the data in Fig. 4. (For example, a stipulation that 

the best curve in Fig. 4 has a rotation rate of 12.57 rad/s yields the 

curve Q = 12.57 rad/s on Fig. 8). From the standpoint of temperature 

dependence, it would seem most acceptable to choose 2 = 12.57, since 

this is the rotation rate at which the experiments were performed. 

However, this curve follows the thermodynamic-mass transfer limit too 

closely in Fig. 8 and does not match the experimental data, which are 

almost independent of rotation rate. 

At low speeds, mass transfer control might be expected, as illustrated 

by the thermodynamic-mass transfer limit (Sba V t  ), whereas at higher 

speeds the rotation rate dependence could change markedly as reaction 

rate control is approached. A higher disk speed not only raises the rate •  

at which reactants can reach the disk surface, but it also affects the 

rate at which intermediate secies in the reaction sequence can be convected 

away from the disk. In addition, the relative importance of the homogeneous 

and heterogeneous reactions can shift as ? is changed. Consequently, it 

is conceivable that, under some circumstances, an increase in Q could lead 

to a reduction in deposition rate. 

These effects become apparent as the parameter is reduced below 

= 12.57 rad/s. At 2 = 7.33 rad/s, the theoretical curve rises from 
5 	 S 

the thermodynamic-mass transfer limit to the experimental line as the 

rotation rate is increased. Below 26.18 rad/s, the experimentally observed 

behaviciir cannot be matched because the results lie above the predicted 

limit. This may be due to error in the assessment of the thermodynamic- 
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mass transfer curve as discussed earlier and, in particular, it might 

result from natural convection which would be expected to be more im-

portant at low disk speeds. Therefore, it is possible that, for these 

experimental conditions, there is no range of rotation rates for which 

forced convection mass transfer controls the system behaviour. Further -

more, Fig. 8 is practically unchanged for modest changes in kinetic 

parameters, and it is not possible to choose different values for 0 1  

to 8 or E which would provide a substantially .better fit of the experi- 4 	a 

mental data. It should also be noted that natural convection could alter 

the shapes of the temperature curves in Fig. 4, as well as the absolute 

value of the thermodynamic-mass transfer limit. 

Notwithstanding the possible influence of natural convection, prediction 

of a consistent set of kinetic parameters, which fit the observations, is 

hampered by the relatively short ranges of T and Q for which data are 

available. Also the surface temperature in Fig. 8 lies, ostensibly, in 

a mass-transfer controlled region, and therefore one should not expect to 

be able to use this information to obtain well-defined kinetic information. 

In principle, it should be possible to use experimental data in the reaction 

controlled regime to obtain better estimates of the kinetic constants. 

It is also necessary to assess the extent to which the predicted 

behaviour is influenced by the assumed reaction mechanism. The mechanism 

proposed includes homogeneous and heterogeneous production of SiHC1 3 , homo-

geneous decomposition of SiHC13  to give SiC1 2 , and reduction of S1C1 9  on 

the disk surface to yield silicon. Under some circumstances, significant 

quantities of SIH 2 C12  can be present in the gas phase [12]. This could 
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be produced by 

SiC1 + H —s SiH2 C1 2  , 	 (36) 
2 2w- 

and it could decompose on the surface to give silicon directly. Conse-

quently, it might be regarded as an intermediate in the overall conversion 

of SiC1 2  to silicon so that inclusion of SiH2 Cl2 in the model would not be 

expected. to alter the predictions significantly. Incorporation of SiH 2 Cl, 

as an additional species would not cause operational difficulties with the 

model but it would necessitate additional equilibrium data and consideration 

of another independent kinetic parameter. 

Direct reactions of the form 

S1C1 
4 	2 
+ 2H —s Si + 4HC1 	 (37) 

— 

have not been included because they are kinetically less favorable than 

the elementary processes used in the analysis. An addition reaction 

which could be included in more sophisticated studies of reaction mecha-

nisins involves disproportionation of SiC1 2  according to 

2SIC1 
2 
 --- 	Si(s) + SiC1 4 	. 	 (38) 
- 

Again, an additional kinetic parameter would be needed in the model. 

The rate determining step for the reaction sequence considered 

(Equations (25)-(27)) is thought to be homogeneous production of SIHC1 3  

(Eq. (25)). Heterogeneous formation of SiHC1 3  becomes more important 

when the bulk gas temperature is higher. The basis for this postulate 

is that, for the range of T and 0 considered, the relative rate of the 
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backward and forward reaction was consistently smallest for this step. 

This theory is supported by observations of higher deposition rates from 

SiHC1 3 , rather than SiC1 45 
 under parallel experimental conditions [19]. 

A model has been developed which describes the interactions among 

hydrodynamics, multicomponent heat and mass transport, and reaction 

kinetics for the rotating disk system. The analysis includes variable 

physical properties, finite interfacial velocity, and simultaneous homo-

geneous and heterogeneous reactions. 

This model has been used to study chemical vapour deposition of 

silicon from S1C1 4  in excess hydrogen. The influence of disk speed and 

temperature on the silicon deposition rate have been investigated, and 

several features of the process have been elucidated: 

(1) The diffusion layer thickness is 1 to 10 cm, which is consid-

erably larger than values commonly encountered for liquid systems. Never-

theless, radial diffusion does not affect predicted mass transfer rates 

markedly. 

Physical properties, such as density and viscosity, vary by 

factors of between 3 and 6, through the diffusion layer. This distorts 

the fluid flow profile and gives a maximum in the axial velocity. 

With five gas-phase species and a set of five independent 

kinetic parameters, the shape of the predicted temperature dependence of 

deposition rate matches experimental results. At high surface temperatures, 

a combined mass transfer and thermodynamic limit controls the deposition 
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rate,but as the disk temperature is lowered kinetic limitations gradually 

became more important. At much lower temperatures, thermodynamic consd-

erations again dominate, and deposition is no longer feasible below 

approximately 1108 K. However, effects not included in the model, such 

as natural convection, could be responsible for discrepancies in ahso]ute 

magnitudes of predicted and observed deposition rates and in the influence 

of disk speed on the system behaviour. Furthermore, the kinetic parameters 

cannot be specified uniquely from the limited experimental data available. 

(iv) Homogeneous and heterogeneous reactions are both important in 

chemical vapour deposition of silicon. For the range of conditions studied, 

the rate limiting step is found to be formation of the intermediate species 

SiHC1 3 , by reduction of SiC1 4 . 
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APPENDIX 

Physical Properties 

Viscosity 

The temperature dependence of the viscosity of each species in the 

gas phase is predicted from the Chapman-Enskog kinetic theory [101. 

2.6693 x 10 5 v 

2 	
1 	

(39) 

	

1 	a.c2 
1 

The parameter a, is the collision diameter, and Q is a dimensionless 
1 	 T_ i  

function which depends on kT/E. where c.. is a characteristic energy of 

interaction between molecules and k is Boltzmanns constant. For each 

species, Eq. (39) is rewritten in the simplified form 

p1i  
(40) 

and values for 6and ip are given in Table 2. The viscosity of the 

gas mixture is calculated with the Wilke correlation [ 20], 

n 	 fl 

p mix 
= 	

11 
(x.p./ 	x...) 	 (41) . 

i=l 	j=1 
1 1J 

where .. = [ 1 + 
(/)112 (M./M.)h/4]2/[8 + 8 M1/M.]2 

Diffusivity 

Diffusion coefficients for binary interactions are estimated from [10], 

5 1 	1 1/2 
2.2646 x 10 	(— + 

1J 	 1 	
(42) 

13 v 
13
.. 
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where a.. is a mean collision diameter which is taken as (a. + aj/2. 
13 	 1 	3 

The dimensionless quantity Q 	is analogous to S2 used for the viscosity 
ii 	 I_li 

calculations, but the characteristic of the intermolecular potential 

field should now represent both species i and j , and is assumed to 

be given by c.. = V'C.E.. Figure 9 shows the temperature dependence of 

diffusion coefficients obtained from Eq. (42). In the analysis, a sim-

plified form 

V.. 	= B. .T 	 (43) 
13 	1J 

is chosen with parameters which best fit the curves in Eq. 9 over the 

temperature range of interest (see Table 3). 

Specific Heat 

The temperature dependence of the heat- capacity of each species 

is obtained from 

C . = 1 
	1 
. + . 	

1
T + y.T2 	 , 	(44) 

where the coefficients are summarised in Table 4. 

Thermal Conductivity 

Eucken's equation for polyatomic gases [10] 

k1  . = ( C .
1 	N. 
± 5R/4) - 	 (45) 

1 

is used to relate the thermal conductivity and viscosity of each species 

at a given temperature. An approximately relationship 

1p2i 
k. = 5 2 •T 
	

(46) 
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Figure 9. Temperature dependence of binary diffusion coefficients. 
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is then used to describe the temperature dependence of k. (see Table 2). 

The thermal conductivity of the mixture is given byan expression 

analogous to Eq. (41): 

n 	n 
k . 	(x.k./E x...) 	 (47) 
mix 1=1 

where.. 
	

[1 + (k./k.)2 (M./M.)h/4]2/[8 + 8 M/M.J'2 



-37- 

Nomenclature 

A 	preexponential factor for backward rate constant 

c 	total concentration (n,ol/cm3 ) 

c. 	concentration of species i (mol/cm3 ) 

C 	Dimensionless total concentration, c/c 
CO 

C 	Molar heat capacity of mixture (J/mol. K) 

C. 	molar heat capacity of species i (J/mol. K) 

0ik 	
diffusion coefficient for binary interactions (cm 2 /s) 

D 	dimensionless diffusion coefficient for binary interactions 
ik 

T 
Dk 	therma l diffusivity for species k (kg/m.$) 

Ea 	kinetic parameter representing activation energy of rate-limiting 

step (K) 

E 	activation energy for reaction £ (K) 

F 	dimensionless radial velocity defined in Eq. (1) 

gravitational acceleration in z direction (m/s 2 ) 

C 	dimensionless angular velocity defined in Eq. (1) 

Cr 	Crashof number 

h 	mesh size (m) 

H 	dimensionless axial velocity defined by Eq. (1) 

H. 	partial molar enthalpy of species i (J/mol) 

H. 	molar enthalpy of ideal gas (J/mol) 
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I 	unit matrix 

2  
J. 
	

flux of species i relative to mass average velocity (mol/m.$) 

3. 	dimensionles J. 

k 	Boltzmann constant (1.3806 x 
1023  JIK) 

k. 	thermal conductivity of species I (W/in.K) 

k f 	forward rate constant for reaction . 

kb backward rate constant for reaction £ 

kkb backward rate constant for homogeneous reaction 

K 	equilibrium constant for reaction £ 

m 	exponent in Eq. (5) 

molecular weight of species 

N 	average molecular weight 

1 	
flux of species i (mol/m2 .$) 

- 

p 	gas pressure (N/rn2 ) 

P 	dimensionless gas pressure 

Pr 	Prandtl number 

r 	radial coordinate (m) 

r. 	rate of reaction 

r 	disk radius (rn) 

R 	universal gas constant (8.3143 J/rnol. K) 

Re 	Reynolds number 

R. 	rate of homogeneous production of species i (mol/m 3 .S) 

R. 	dimensionless R. 
1 	 1 

'4 
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s 	dimensionless parameter defined by Eq. (18) 

S 	dimensionless silicon deposition rate 

Sc 	Schmidt number 

1 
	partial molar entropy (J/mol.K) 

T 	temperature (K) 

U 	dimensionless parameter defined by Eq. (19) 

v 	mass average velocity (m/s) 

radial velocity (m/s) 

v& 	angular velocity (m/s) 

v 	axial velocity (m/s) 

x. 	mole fraction of species i 
1 

z 	axial distance from disk surface (m) 

Creek svinbols 

Ij . 	
maximum energy of attraction between molecules i and j (J) 

dimensionless axial distance cordinate defined by Eq. (2) 

dimensionless kinetic parameter (k 	1 to 4) 

parameter defined by Eq. (34) 

fluid viscosity (kg/m.$) 

va  stoichiometric coefficient for species i in reaction 

VCD bulk kinematic viscosity (m2/s) 



-40- 

3 
p 	fluid density (Kg/rn ) 

collision diameter, for Lennard-Jones potential (in) 

T 	viscous stress tensor (N/rn 2 ) 

Q 	rotation speed of disk (rad/s) 

shape parameter (rad/s) 

Superscripts 

* 	ideal gas 

- 	partial molar quantity 

T 	transpose 

Subscripts 

reaction A. 

s 	at surface 

cc 	 in bulk 
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Table 1. 	Eui1ibrium Constants for Silicon Deposition Reactions; 

Coefficients for Enuation (32). 

16.2412 -6730.9 -1.7004 

K2  (atm) 14.9848 -30520.7 0.5032 

K3  -1.0685 2229.3 -0.1756 

Table 2. 	Values for Parameters in Equations (40) and (46 

Species, 	i 
p 

1  
.(Ns/m2 ) k. 

1 	
!m.K) 

_ 1 I
2i 2i 

H2  2.05 0.66 2.64 x 0.725 

HC1 1.06 0.87 7.36 x 10 0.941 

SiC14  0.75 0.87 410 x 10 0.900 

SiHC13  0.70 0.87 1.30 x 10 1.070 

SiC12  1.20 0.82 4.10 x 10 0.900 
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Table 3. Values for Parameters in Eouation (43) for Diffusion Coefficients 

Species B.. 
1] 1J 

I j 

H2  HC1 4.376 x 0.732 

H2  S1C14  2.190 x 0.732 

E
2 

 SiHC13  2.263 x 0.732 

H2  SiC1 2  3.117 x 10 0.714 

HC1 SiCl 4  1.523 x 10_8  0.873 

HC1 SiHC13  1.601 x 10 8  0.873 

HC1 SiC1 2  2.491 x 10 8  0.845 - 

S1C1 4  SiIIC1 3 ' 6.109 x 10 0.873 

S1C14  SIC1 2  9.704 x 0.845 

S1BC13  SiC1 2  1.039 x 10 0.845 

Table 4. Values for Parameters in Equation (44) for Heat Capacities (J/mol. 

Species, 	i I 

H2  29.086 -8.110 x 10 1.970 x 10_ 6  

HC1 28.219 1.756 x 1.543 x 10_6  

SiC14  81.626 4.346 x 10 2  -1.817 x 10 

SiHC13  61.035 6.477 x 102 72472 X 10 

SiC12  48.056 1.684 x 10_2 -7.084 x 10 
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