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Abstract—A multidimensional model has been developed and applied to simulate the chemical vapor
deposition (CVD) of silicon nitride from silicon tetrafluoride and ammonia in a low-pressure hot-wall
reactor. The purpose of this work is to evaluate the effects of gas-phase transport and reactant depletion
on the uniformity and rate of deposition of silicon nitride by CVD in order to provide a basis for reactor
scaling and process control. Two irreversible surface reactions are used to model the deposition chemistry.
Diffusion is shown to be important relative to convection in transporting gas-phase reactants to the surface
where the chemical reactions occur. Reactant depletion also has a significant impact on the deposition.
Multicomponent diffusion of the five reacting species is studied by solving the Stefan-Maxwell equations ;
the results are compared with those obtained using the simpler mixture-averaged approximation to multi-
component diffusion.

INTRODUCTION

THE CHEMICAL vapor deposition (CVD) process is
used widely for producing thin layers of materials in
the fabrication of microelectronic devices. It is also
used to apply coatings on materials for a variety of
purposes such as protection of the base material from
oxidation and wear. A process for applying silicon
nitride coatings on graphite substrates has been stud-
ied experimentally by Lee er al. [1] at the United
Technologies Research Center (UTRC). The UTRC
process occurs in a hot-wall (1600-1800 K), low-pres-
sure (1-5 Torr) reactor. Reactants silicon tetrafluoride
(SiF,) and ammonia (NH,) enter one end of the reac-
tor through a water-cooled coannular injector. Reac-
tions take place on the surfaces of the parts and the
reactor, depositing silicon nitride (Si;N,) and releasing
hydrogen fluoride (HF) into the gas mixture. A com-
peting surface reaction is the decomposition of NH;,
into N, and H,. As the gas-phase mixture flows down-
stream in the reactor, SiF, and NH; are depleted and
HF, N,, and H, accumulate. Equilibrium calculations
[2] have shown that Si;N, is not stable at the process
conditions and gas-phase chemistry has been deter-
mined to be negligible ; thus, surface chemical kinetics
and gas-phase transport play crucial roles in the depo-
sition process.

In some CVD processes the reactants flow with a
chemically inert diluent gas. Under these conditions
the effects of the deposition process on the momentum
and energy transport are negligible, and the dis-
tributions of species are determined by solving species
mass balances, given the fluid flow and temperature
fields. In the Si;N, process considered here, there is
no diluent; thus the species transport and surface
reactions are coupled to the mass and momentum
transport. In general, the energy release by the surface
reactions would also affect the energy transport
through the thermal boundary conditions. The
emphasis in this work is on mass transport and we
restrict the study to isothermal flow.

In general, complex and highly variable geometries
are involved due to the diverse array of parts that
require coating. The low pressure aspects of the pro-
cess reduce, but do not eliminate, fluid mechanical
effects associated with the complex shapes and mul-
tiple flow paths. The utilization of models allows the
interactions of transport processes and surface chem-
istry to be studied and provides the basis for scaling
the Si;N, process to coat large and complex shaped
parts. The model developed to study the UTRC pro-
cess incorporates the effects of two-dimensional gas
flow, surface chemical kinetics, and multicomponent
diffusive transport in complex geometries using a gen-
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D*  tube diameter [cm]

D,.. mixture-averaged diffusion coefficient
for species & in the mixture, or
coefficient of part of multicomponent
diffusion formulation, see equations

(6), (8)

Damkohler numbers for surface
reaction x and species & in the mixture m
D,  binary diffusion coefficient for species

Dakm,

iand k

Fr Froude number, u%}/(g*D*)

g acceleration of gravity

ji ordinary mass diffusion flux vector of
species &

K total number of gas phase species

L* tube length [cm)

M molecular weight of mixture

M,  molecular weight of species {

n outward unit normal vector at reacting
surface

P pressure

P dynamic pressure

Q*  dimensional flow rate in sccm
{standard cm® min~")

R gas constant

Re Reynolds number, pXak D*/uk;

NOMENCLATURE

r radial coordinate
ry reaction rate of surface reaction
e d
Sc,  Schmidt number for species & in the

mixture, v/ D¥, ..
T temperature

t time

u axial velocity

v radial velocity

x axial coordinate

X, mole fraction of species i
Y mass fraction of species £.

Greek symbols
g temperature ratio, (7%, — T/ Tk
U dynamic viscosity
v kinematic viscosity
o mass flux vector of species &
P density.

Subscripts and superscripts

km  refers to species k in the mixture m
ref  reference quantity

] evaluated at reacting surface

X X component

* dimensional quantity.

eralized nonorthogonal coordinate system. An exten-
sive study has been carried out and results from the
model have been used to provide design information
for scaling the process from a laboratory facility to
a production reactor for coating a diverse array of
complex shaped parts.

In the current study the geometry is simplified to
facilitate the study of the fundamental physical and
chemical processes. Specifically, the geometries of the
reactor inlet region and the part are replaced by a
simple tube with deposition occurring on the tube
wall. Since the Si;N, process occurs in a hot wall
reactor with the bulk of the deposition occurring on
the reactor wall, this simplification is not unreason-
able. The reactor model consists of two regions: an
upstream region where no surface reactions occur and
a downstream region with surface chemistry (cf. Fig.
1). It may be desirable in certain situations to avoid
deposition on the reactor wall in the upstream portion
of the reactor and thus conserve reactants for use
in the region where the part is located. Here, the
nonreacting region is included to study the effects of
species diffusion on the transport processes near the
leading edge of the deposition region. The model
assumes premixed reactants at the inlet.

We use the model to study the effects of the process
parameters on the deposition rate and uniformity.
The relative effects of convection and diffusion are
determined by varying the Reynolds number, i.e. flow

rate; the relative effects of surface chemistry and
diffusion are determined by varying the surface
Damkohler numbers, i.e. temperature and molar ratio
of reactants. Calculations have been carried out using
both the approximate mixture-averaged formulation
for species diffusion as well as the full multicomponent
formulation. Depletion of reactants in the streamwise
direction and diffusional limitations associated with
transport through the developing concentration
boundary layers are primarily responsible for non-
uniform deposition.

ANALYSIS

The dimensionless equations for mixture mass and
momentum and species mass conservation are given
(in cylindrical coordinates) by :

e /]
nonreacting

reacting

—
|

SiF, I

NH3

* §

- L
FiG. 1. Problem description.
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where ji and j{ are the components of the ordinary
mass diffusion flux vector j§ which (for mul-
ticomponent diffusion) can be expressed as (Kleijn

BD:

C
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(5)
where
=[;xm4h (®)

or (for the mixture-averaged approximation to the
ordinary diffusion) :

oc¥ [ ap* c Dm
Flifw=i=-57v000 O

where (Curtiss and Hirschfelder [4], Kee et al. [5])
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The mass source terms have been deleted from equa-
tions (4) since homogeneous chemical reactions are
not considered in the present study. The K species
mass fractions, Y,, are determined by solving the K — 1
species conservation equations (4) along with the
requirement that ¥ Y, = 1. Reference quantities used
to nondimensionalize the above equations are: tube
diameter, D* ; average velocity of mixture at tube inlet
(x=0), u¥= 4Q,efM,ef/(p,ean*2) species k mass
diffusion flux, j{i = pXDE./D* ; mixture density,
pk. = P*MX/(R*T¥); and mixture molecular weight,

MY = XSiF4|(x: 0)° M’Skiﬁ +XNH3|(.\ =07y MIﬁH‘
where D}, .. is the diffusion coefficient from either
equation (6) or (8), evaluated at the reference con-
ditions: P*, T, X |- 0 and Xau, | = 07y

For numerical solution purposes, equations (4) are
rearranged into the following form:

a(PYk) 0 < Y, —

pka
~a +—lpu

0 Yk

Re S‘km (3‘(
rpka ¢ Yk
Re- Se¢,, Or

o[ YDun [p oM Ji,
" ox [Re- SCiom (M x ML M,-b,-k)
+1 o[ YDy, [p M
r or| Re+ SCim M or

Ji
4 C k=1,...
S|

In equations (9) the mixture-averaged approximation
for species diffusion is obtained from the mul-
ticomponent formulation by deleting the terms con-
taining sums over the ordinary diffusion fluxes and
using the mixture-averaged form of D,,,, equation (8).

The viscosity of the mixture is obtained from a gas-
phase transport properties software package [5] that
is used in conjunction with the chemical kinetics soft-
ware, CHEMKIN (Kee et al. [6]) ; the formulation is
the semi-empirical formula of Wilke [7], modified by
Bird et al. [8]. Kinetic theory expressions (Hirschfelder
et al. [9]) are used for the pure species viscosities. The
mixture is assumed to be composed of ideal gases, and
the low Mach number approximation has been made
(Paolucci [10]), i.e. the pressure, P*, is assumed to be
constant in the equation of state: P* = p*R*T*/
M*, and the dynamic pressure, p,, is de-
termined by solving an equation that satisfies mix-
ture mass conservation. In dimensionless form,
the equation of state is: p = M/(1+¢T) where ¢ =
(T.—T*)/Tk: and for isothermal flow (¢ = 0) con-
sidered in this study, p = M.

The dimensionless parameters in the above equa-

+10 Y,
r or P

-M

JK=1. )
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tions are the Reynolds number Re = w}D*/v¥,
the Froude number Fr = u*?/(g*D*), the Schmidt

numbers Scy,, = v/ Do Kk =1..... K, and the di-
mensionless  properties:  p = p*/pX. u=p*/
iees D = DEJDErre M = M*/ M, and D, = D/

D;s‘kmrcf-

The inlet boundary conditions are the specified mix-
ture flow rate, QF,; temperature, TX;; composition,
XsiF, I 0-y and Xyp, (v = o-). with the products HF,
N, and H; equal to zero at x = 0 . The mixture is
assumed to enter the tube with a parabolic velocity
distribution. At the outflow boundary (x = 1.5), the
usual zero x derivative conditions are applied on all
dependent variables.

SURFACE CHEMISTRY

Larson [11] has developed a one-dimensional model
of the UTRC Si;N, process and used the model to
obtain the surface chemistry rate expressions by fitting
to an experimental database [1]. The model allows for
both crystalline and amorphous deposition of Si;N,
on the surface as well as the surface decomposition of
NH; to account for the observed presence of H, in
the reactor. In the present study, the temperatures
considered are sufficiently high that only crystalline
deposition is assumed in the overall surface reactions:

3SiF, +4NH; — Si,N, (s) + |2HF

INH,—N, +3H,
where
rE=rtetis 1 =riur
with
ry = exp [EY/R*(1/ T~ 1/T*) X Xnu, (10)
and
ry =exp [EY/R*(1T%—1/T*)] Xau,  (11)

E¥ = 132.9kcalmol !,
E¥ = 54.8kcalmol ',
* = 1.987 x 10 “kcalmol 'K !
P = 1.8123 % 10" exp[— EX(R*T))]

moles Si;N, cm~?s !

FEer = 1.1195 < 10" exp [— E¥/(R*T#))

molesN, em™?s .
The boundary conditions at a deposition surface for
each gas phase species & relate the mass flux of species
k at the surface to its production/destruction rate by
surface chemical reaction :

(oFvEm), = Y vartMF, k=1, (K-1)

a=1

where v,, is the stoichiometric coefficient for species k&
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in surface reaction o ; it is positive for gas phase specics
on the left side of the reaction expression and negative
for gas phase species on the right side.

In dimensionless form,

(prviom), = i

The surface Damkohler numbers relate the time scale
for mass diffusion of species & to the time scale for

surface chemical reaction of species & :
, gk *
"ko{rx reerefD*
Dabm = * *
pref Dlvn ref

Summing over all species in the gas phase gives the
bulk velocity at a reacting surface (the boundary con-
ditions for the momentum equations) :

Dakmaz

1 K 2
E/‘Z Zl S(k,,, A.

Note that equation (12) can be written as the sum of
two parts:

{(pv'n), = (13)

P
Ji g,

1
Y' . -
(pYiv-m), + Re-Sc.,

(prve ), =
where the first term on the right hand side is the
dimensionless mass flux of species & at the surface due
to the bulk flow, and the second term is the flux at the
surface due to the diffusion of species k. The study
includes the five gas-phase species: SiF,, NH;, HF,
H,. and N, and the above two surface reactions.

NUMERICAL SOLUTION

Methodology

The conservation equations (1)-(3), (9) are trans-
formed to a generalized coordinate system in a manner
similar to that discussed in Shyy et «l. [12] to allow
solutions in an arbitrary axisymmetric geometry. The
transformed equations are integrated over control vol-
umes and discretized using either central differences
for all remaining derivatives or the hybrid differencing
scheme (Patankar [13]). The transformed, control vol-
ume form of the mixture continuity equation is used
in the SIMPLER method to determine the pressure,
P In this study we are interested in the steady-state
behavior of the process ; the transient term was effec-
tively removed from the equations by taking a single
very large (10%°) time step.

A sequential line by line relaxation scheme is used
to solve the discretized equations and boundary con-
ditions discussed above. Four of the five species con-
servation equations are solved; the specific species
actually solved depend on the method used for deter-
mining the species diffusion. For multicomponent
diffusion, N, was the species that was not solved.
For the approximate mixture-averaged formulation
of species diffusion, either NH; or N, was the species
not solved. The K— 1 independent equations (5) for the
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species mass diffusion fluxes, along with the require-
ment that fj; = 0, are solved directly at each iter-
ation for the K unknown fluxes in the multicomponent
formulation.

Convergence criteria

An iterative method is used to solve the coupled;
nonlinear set of equations. Underrelaxation factors
(typical values were 0.5) are used for the momentum
and species mass conservation equations to avoid
numerical instabilities; no underrelaxation was
applied to the pressure equation. Iterations were con-
tinued until changes in the deposition rate and mass
diffusion fluxes for all species were less than 1-2%,
where this variation was calculated over an interval
of several thousand global iterations. Convergence for
the above quantities was the slowest of all the results
examined and had the most impact on the final results.
Typically, 25 000-35 000 iterations were required to
obtain convergence ; computational times were several
hours on a CRAY-YMP. Usually, restarts from pre-
viously converged results were selected as initial con-
ditions for a new case. A global mass balance that
accounted for the mass lost due to deposition on the
tube surface was monitored and was maintained to
within 1.0%. For the nominal conditions cited below,
13% of the mass entering the tube was deposited on
the tube surface.

Grid sensitivity

Most of the results discussed below were obtained
on a nonuniform grid of 70 by 35 control volumes in
the x and r directions, respectively, with the finer grid
spacings near the start of the reacting region
(x = 0.75) and the tube surface (r = 0.5). Some cal-
culations were also made on a nonuniform x, r grid
of 50 by 25. Results from the case for the nominal
conditions were compared using these two grid res-
olutions. Deposition rate profiles and contours of
species mole fractions for the two grids differed by less
than 1% ; similar small differences occurred in the
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individual species mass diffusion fluxes at a location
near the inlet of the tube.

RESULTS

Unless otherwise noted, the results presented and
discussed here are for the multicomponent for-
mulation of species diffusion. The nominal conditions
studied are: T%X=T*=T= 1713 K (isothermal
flow), Q¥ = 688 sccm, P* = 1.8 Torr, inlet reactant
molar ratio of 6:1 ([Xxu,/XsiF,] 120 = 6), and tube
diameter, D* = 13.34 cm. These values result in values
of Fr and Re of 3.6 and 2.5, respectively. Table 1
provides a compilation of the cases reported along
with the maximum, minimum, average, and percent
variation in the deposition rates on the reacting sec-
tion of the tube. We note that the maximum depo-
sition rate occurs at the leading edge of the reacting
section of the tube; the deposition rate falls mono-
tonically in the downstream direction with con-
siderable variation for the cases studied.

To compare the relative effects of convection, pfu*,
and diffusion, j§, of species k, we divide by the ref-
erence dimensional quantities p}, and wu} and
obtain the dimensionless quantities, pu and j/
(Re* Sc;,,). These are presented as vectors with filled
(convection) and unfilled (diffusion) arrowheads.
For comparison and reference among figures, we show
an arrow, the length of which represents the
dimensionless reference mass flux of the mixture:

¥ 4.% * %k
prefuref/prefuref =1.

Effects of flow rate

The effect of flow rate on the convective and diffus-
ive mass fluxes of species HF is shown in Fig. 2. We
focus on HF because it is generally representative of
species behavior in the system, although other species
do exhibit differences, e.g. the large diffusion of H,.
Being a gaseous product of the surface deposition
reaction, HF is produced along the surface of the tube
beginning at x = 0.75; for the high flow rate of 6880

Table 1. Deposition rate of Si;N, on tube surface

NH,/SiF, Maximum Minimum Average Variation in
™ o* molar Diffusion deposition deposition deposition deposition
(K) (sccm) ratio model Grid rate (uh™")  rate(uh™') rate (uh7Y) rate (%)
1713 688 6:1 mult. 70 x 35 107.0 339 51.7 68.3
1713 6880 6:1 mult. 70 x 35 242.0 115.0 146.8 524
1783 688 6:1 mult. 70 x 35 229.5 35.2 72.5 84.6
1783 63880 6:1 mult. 70 x 35 645.4 179.3 264.8 72.2
1643 688 6:1 mix. avg.t 50 x 25 379 22.6 27.0 40.3
1643 6880 6:1 mix. avg.t  50x25 61.6 458 50.8 25.7
1713 688 3:1 mix. avg.t 70 x 35 170.3 56.3 84.5 66.9
1713 688 6:1 mix. avg.t 70 % 35 114.7 37.5 56.8 67.3
1713 688 6:1 mix. avg.t 50 % 25 112.9 374 56.2 66.9
1713 6880 6:1 mix. avg. 70 x 35 2425 115.0 146.8 52.6

+ Did not solve species conservation equation for Yy .
1 Did not solve species conservation equation for Yy, .
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Fig. 2. Arrows representing the dimensionless convection
and diffusion mass fluxes of HF for 7= 1713 K, 6: | molar
ratio of NH; to SiF,: (a) 688 sccm; (b) 6880 sccm.

scem (Re = 25.3) in Fig. 2(b) there is little diffusive
flux of HF in the upstream region of the tube. In the
reaction region HF diffuses away from the surface
where it is produced. At the lower flow rate of 688
scem (Re = 2.53) in Fig. 2(a), there is a significant
diffusive flux of HF even for x < 0.75. Comparing the
fluxes at the two flow rates, we note that the parabolic
radial distribution of the HF convective mass flux at
the lower flow rate is similar to the radial distribution
of the convective mass flux of the mixture (not shown),
whereas for the higher flow rate the HF convective
flux has a maximum at a radial position between the
reacting surface and the tube centerline. At the higher
flow rate the HF generated at the surface is primarily
swept downstream and cannot diffuse to the tube
centerline as readily as it can at the lower flow rate
(cf. Figs. 2 and 3).

The effects of flow rate on the mole fraction con-
tours of HF and the Si;N, deposition rate are shown
in Figs. 3 and 4, respectively, for T = 1713 K. At the
higher flow rate of 6880 sccm (Re = 25.3) shown in
Fig. 3(b), a concentration boundary layer forms star-
ting near the beginning (x = 0.75) of the reacting sur-
face section with little upstream diffusive effects. At

0.5
0.2
r 0.025 (@)
0.0
0.015
r (b)
i J ! LT . 0135
0 0.375 O.Z(SO 1125 : 1.500

Fi1G. 3. HF molar fraction contours for 7= 1713 K, 6:1

molar ratio of NH; to SiF,: (a) 688 sccm, minimum 0.025,

maximum 0.2, increment 0.025; (b) 6880 sccm, minimum
0.015, maximum 0.135, increment 0.015.
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F1G. 4. Deposition rate of Si;N, along the reacting surface of
the tube for 7= 1713 K, 6:1 molar ratio of NH; to SiF,:
(——) 688 sccm ; (——-) 6880 scem.

the lower flow rate of 688 sccm (Re = 2.53, Fig. 3(a)),
there are strong diffusive effects. Since the Schmidt
number for HF (Scyr,,) is 0.6, the Peclet number
for mass transfer, Peyy,, = Re * Scup,, = utD*/
Dfg s = 1.5, a value that shows convection and
diffusion to be of approximate equal magnitudes,
resulting in the upstream diffusion. At the higher flow
rate, Peyr,, = 15, which, as noted above, yields little
upstream diffusion. The relatively uniform contours
in the radial direction for the lower flow rate in Fig.
3(a) are another indicator of significant diffusion for
these conditions.

The surface chemical reaction (equation (10)) con-
sumes SiF, starting at x = 0.75; however, for the
lower flow rate case the mole fraction of SiF, (not
shown) is reduced below its inlet value of 0.143 at
locations upstream of the start of the surface reacting
region. This reduction is significant, and, since the
surface reaction rate depends on the concentration of
SiF, at the surface, the deposition rate is decreased
for the lower flow rate. The deposition rates of Si;N,
along the tube surface are shown in Fig. 4 for the two
flow rates 688 and 6880 sccm. The deposition rates
are highly nonuniform, and increasing the flow rate
by an order of magnitude results in a decrease in
nonuniformity of only 15% (from 68 to 53%). For
T = 1713 K, the surface Damkohler number for SiF,
is 1.1, indicating that the time scales for deposition
chemistry and diffusion are approximately equal. For
both flow rates, reactant depletion occurs (not shown
but similar to the spatial variation of the product HF
contours of Fig. 3) although it is small at the higher
flow rate. Consequently the variation of the deposition
rate with position along the tube results from both
depletion and dilution of the reactants and growth
(from x = 0.75 to 1.5) of the concentration boundary
layers.

Effects of temperature

The effect of increasing the temperature (and hence
the surface chemical reaction rates) from 1713 to 1783
K on the transport and deposition is shown in Figs.
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and diffusion mass fluxes of HF for 688 sccm, 6:1 molar
ratio of NH; to SiF,: (8) T= 1713 K; (b) T'= 1783 K.

5-7. Comparing Figs. 5(b) and (a) there is enhanced
convection and diffusion of HF due to the increased
amounts of HF present in the mixture at the higher
temperature. Figures 6{a) and (b} show the HF mole
fraction contours at 1713 and 1783 K, respectively. In
Fig. 6(b), the HF mole fraction has increased to 25%
of the mixture in the downstream region. The depo-
sition rates of Si;,N, at the three temperatures studied
are shown in Fig. 7. The deposition rate is significantly
higher at 1783 K than at 1713 K, and is very nonuni-
form, the initial rate (at x = 0.75) decreasing by 84%
over the reacting region. The surface Damkohler num-
ber for SiF, is now 5.1 ; reactant depletion is significant
with the SiF, mole fraction (not shown) less than 0.03
at the downstream end of the reacting region. The
effects of increasing the flow rate from 688 to 6880
sccm at 1783 K (not shown) are similar to those at
1713 K shown in Figs. 2—4.

The effect of reducing the temperature (and hence
the surface chemical reaction rates) to 1643 K on the
transport and deposition is shown in Figs. 7-9. At the
lower temperature of 1643 K there is reduced diffusion
and convection of HF compared with that at 1713 K.
This is due to the reduced amount of HF being formed

03
02
Y \\\ (@)
0.0
0.025

r

0z )
0.5 Y T T

o 0.375 O.';(SO 1125 1500

FiG. 6. HF molar fraction contours for 688 sccm, 6: 1 molar

ratio of NH, to SiF,: {(a) 7= 1713 K, minimum 0.025,

maximum 0.2, increment 0.025; (b) T = 1783 K, minimum
0.025, maximum 0.23, increment 0.025.
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Fic. 7. Deposition rate of Si;N, along the reacting surface of
the tube for 688 sccm, 6: 1 molar ratio of NH; to SiF,: (——)
T=1T3K; (-~} T= 1783 K {----) T = 1643 K.

as shown in the comparison of Figs. 9(a) and (b),
where in Fig. 9(b) HF only accounts for about 10%
of the mixture by mole fraction in the downstream
region. The deposition rate on the surface of the tube is
now significantly lower and more uniform ; the initial
deposition rate of 38 microns h~' decreases by 40% by
the end of the reacting region. The surface Damkohler
number for SiF, is now 0.4. The results shown in Figs.
7-9 for 1643 K were computed on a 50 by 25 (x.r)
grid and are for the mixture-averaged formulation of
diffusion. Again, the effects of increasing the flow rate
from 688 to 6880 sccm at 1643 K (not shown) are
similar to those at 1713 K shown in Figs. 2-4.

Although the deposition uniformity is improved at
lower temperature (smaller Damkohler number), the
magnitude of the deposition rate is reduced (cf. Fig.
7). The nonuniformity in deposition rate is reduced
somewhat as shown in Fig. 4 with a higher flow rate
(larger Reynolds number). We note that the mor-
phology of deposited Si;N, changes from crystalline
to amorphous at a reaction temperature around 1650
K. Kinetic expressions for the low temperature
amorphous deposition of Si,N, have been obtained
by Larson [11].
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Fic. 8. Arrows representing the dimensionless convection
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Effects of reactant mole ratio

Figure 10 shows the deposition rate at the con-
ditions : flow rate 688 sccm, temperature 1713 K, for
two values of the inlet mole ratio: 6:1 and 3:1 (NH;
to SiF,). For the smaller molar ratio case, the
Damkohler number is increased to 3 from its value
of 1.1 at the larger molar ratio case, resulting in a
significantly higher value of the deposition rate. Due
to the increased mixture density at the smaller molar
ratio, the mass flow rate is larger (Re = 3.2) than for
the nominal case (Re = 2.5), resulting in deposition
nonuniformity approximately equal to that for the
nominal case. The results at molar ratio 3:1 were
computed using a 70 by 35 (x.r) grid and the mixture-
averaged formulation for diffusion.

Effects of diffusion formulation

The mixture-averaged formulation of diffusion is
approximate and becomes more accurate when solv-
ing for dilute species. Usually the implementation of
the mixture-averaged formulation (see Kee et al. [5])
involves the solution of K— 1 species conservation equa-
tions (K = total number of species), with the remain-
ing species mass fraction obtained from Zf ¥, = 1. If
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FiG. 10. Deposition rate of Si;N, along the reacting surface
of the tube for 688 scom, 6:1 molar ratio of NH; to SiF,:
(—) T=17T3K; (—-) T= 1643 K.
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one species dominates, then the conservation equa-
tions for the other species can be solved and the largest
one obtained from the above summation. If there is
no dominant species globally, this procedure can be
implemented on a local basis.

Comparisons were made using both mul-
ticomponent and mixture-averaged formulations for
several cases. NH; is the dominant species in most
situations and over much of the domain. In the mix-
ture-averaged formulation the conservation equations
for the other species (SiF,, HF, H,, and N,) were
solved and Yy, was obtained from Xf ¥, = 1. For
the case of 1713 K, 6880 sccm, and 6: 1 molar ratio
of NH; to SiF,, agreement for all species con-
centrations and the deposition rate obtained from
both formulations are very good (not shown). We
caution that the validity of this procedure has not
been established for all conditions in this study.

We have also investigated the case when the con-
servation equation for the dominant species, i.e. NH;,
is solved, and Yy, is then obtained from the above
summation. For this case, there is again good agree-
ment for the four species that are determined from
conservation equations. However, for Y} there is now
marked disagreement. In view of the small mole frac-
tion of N, {maximum value of 0.06), the resulting error
in the N, concentration using the mixture-averaged
formulation and not solving the conservation equa-
tion for this species might be expected.

SUMMARY AND CONCLUSIONS

Numerical solutions of the mixture continuity,
Navier-Stokes, and species mass conservation equa-
tions with multicomponent diffusion have been
obtained to predict the flow field, species distributions,
and deposition rates in a cylindrical hot-wall, low-
pressure CVD reactor for the deposition of Si;N, from
SiF, and NH,.

The relative effects of diffusion, convection, and
surface chemistry for these low-pressure CVD con-
ditions have been determined over a range of the sys-
tem operating parameters. There is significant
depletion of reactants ; species diffusion is important,
and, except for the high flow rate conditions, sig-
nificant upstream diffusion occurs and results in
dilution of the reactants. The deposition rate of Si;N,
is highly nonuniform except at the lowest temperature
studied. Results have been compared using an
approximate mixture-averaged formulation for the
species diffusion to those from the multicomponent
formulation. For the conditions compared, agreement
is good for all species if, when using the mixture-
averaged formulation, the conservation equation for
the dominant species, NH,, is not solved. If N,, a
nondominant species, is not solved in the mixture-
averaged approach, then the agreement with the mul-
ticomponent formulation is not good for that species
but is reasonably good for the other species.
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