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Résumé, Génie chimique en C¥D. Les problémes hydrodynamiques dans les réacteurs CVD, petits ou
trés prands, sont discutés.f I1s comprennent : le maintien de I'atmosphére du réacteur, le contréle de
Pécoulement des impuretes et Poptimisation de la composition des gaz afin d’obtenir les revétements
cvD convenables. :

Les méthodes suivantes pour &tudier ces problémes sont décrites :

i) Calculs des débits gazeux et des dépots. :

2) Etudes expérimentales au moyen de fumées. .

Ces différentes méthodes d'investigation sont appuvées par des mesures de dépdts de fungsténe
(WFg + FHy~W+ 6 HF) et de nitrure de silicium (4 NH4 + 3 SiHg— 83Ny + .. . ’

summary. Hydrodynamic problems in small and large CVD-reactors are discussed. They encompass
the compensation of the gas atmosphere in CVD-reactors, impurity flows, and optimal gas compo-
sitions as used for coating components. The following methods of investigating these problems is
described :

1) Calculations of gas flow and deposition, ) .

2) Fume experiments, :

These investigations were supported by deposition measurements employing coatings of tungsten
(WEg +3H,~ W+ 6 HF) and SigN, (4 NHy + 3 SiH, — SisNg+...) coatings. '

Introduction e

CVD-processes in metallurgy may be considered a special group of heat treatment
processes. All heat treatment processes require optimal gas flow conditions in order to
achieve optimal deposition characteristics (thickness, crystal structure, adhesion). In addi-
tion the study of gas flow, particulary with respect to CVD-processes, is essential for the
following reasons :

1) Most CVD-processes work with poisonous gases (CO, C1,, HE, F, HCL. . ). Inor
der to minimize the consumption of these gases it is desirable to reach a high efficiency
of the CVD-process, i.e. optimal flow conditions ; '

2) today most CVD-processes are carried out in small reactors (= 1 m®). For ihe cons-
truction of larger CVD-reactors an exact study of the chemical kinetics and the hydro-
dynamics is mandatory. . : ,

Figures 1 and 2 demonstrate photographically and schematically a pusher type furnace
_ which s mainly used for conventional heat treatment (carburizing). The work pieces to

be treated are put on trays which are transported through the furnace. Entry and exit
sections are constructed as lock chambers. The gas inlet for the main gas stream (endogas)
is located in the upper part of the furnace at the points marked in Figure 2. The reaction
gas (propane) is introduced at the points A, B and C. At these locations radial fans are
~ mounted in order to level out the furnace atmosphere. From the gas inlet the gas streams

_{*) Communication présentée & la 2¢ Réunion Européenne CVD : “Metallurgical Application of
CVD”, (Heidelbesg 24 Aviil 1979).



FiG, 1 — Pusher-typ furnace for carburizing.
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FIG. 2. — Schematic of a pusher-
tvpe fiurnace. O Radidl fans ;
o exits of the gas ; x entry of
dilution gas {or in the case of
carburization endogas) ; I, I
lock chambers ; ABC gos inlet
of propane. Total length abour
10 m.

FIG. 2. — Schéma du four &
poussoir. o : Ventilateur. |,
T : Sas ; A, B, C : Entrées de
propane.
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through the exit and ent;gii;q’g '_sections into the environmental atmosphere. The following
. problems can be treated by;hyd;o_dynamic_considerati_ons P :
1) The size, power and placement of the fans ; L
2) The optimal flow pattern which minimizes the penetration of impurities into the
fumace during the periods of charge and discharge (open doors) ;
3) Optimal flow conditions for every kind of loading.
- . Some "of these problems have been solved for conventional heat treatment processes,
but have to be discussed anew for CVD-applications.
The following gives an introduction on the hydrodynamic description of CVD-

processes.

2. Fundamentals

The flow.conditions in a chemical reactor are described by different characteristic num-
bers{2]:- '

1) Reynolds number Re = pv, S, : : 'ty

' (n, = viscosity, v, = gas velocity, p_ = density, £ = typical length), The subscript “o0”
means that a value typical of the flow system is taken.

2) Froude number Fr=v2 {g¢ g = gravity V)

3) Prandtl number Pr=n.c_ I T (3)
{c e = specific heat at constant pressure, A, = heat conductivity).

4) Schmidt number Sc=mn_1p D, @

' '(Do = diffusion cocfficient in the gas).
5} The Mach number Ma =v_/v_ )
.= velocity of sound).
3 6) It{-ié p_tassible to define numbers which characterize the chemical reactions in the
gas and oni the walls. One example of such a number is the Damkéhler number Da. For
~a-surface reaction of the ordéer r{j; = kyng,, j; : surface reaction rate, ng, ° concen-
tration” of cempenent A near the surface), the Damkdhler number is defined by (3]
. R .
=gzl ©)
For a homogeneous reaction (j, = kpnj, j, : volume reaction rate) the Damkahler
number is given by [3] .
k, @

il o

Most CVD-processes are governed by complicated reaction mechanisms, which make
the definition of these chemical numbers very difficult. ‘ :

From these numbers additional numbers can be derived which are often used for the
description of hydrodynamical systems : '

1) Grashof number .

' - . . Re?A
Gr=go,Ap, 8 /n? = ut
T P,

3)

% = gravity, Ap, = typical density difference in the reactor.
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If the difference Apom ‘caused by temperature differences AT,,
" Ap,, can be correlatéd with the temperature difference by
Ap, = p, AT, /T, (p, - density at T,). C
2) Rayleigh number: Ra = Pr . Gr {9
" 3) Thiele number [4] Th=+/Da (10)
In order to calculate these numbers the gas properties i, A, D, Cps Ve and the reaction
constants must be known. The reaction constants must mostly be determined experimen-
tally, whereas 7, A, D, Cp and v, can be calculated [S] from the properties of the compo-
nents. If these are not known, then values can be calculated from the critical data (criti-
cal temperature, critical pressure and critical compressibility [5]). Figure 3 depicts the gas -
properties of a WFI1,-mixture, whereby the heat conduction A is calculated by the
Mason-Saxena-Method [5,6], the viscosity by the Wilke [6,7] method and the diffusion -
coefficient by the kinetic gas theory (eq. 11-10 in [5]). ' :
The. flow pattern in a reaction chamber depends on the numbers mentioned above, :
Although there is generally an interdependence between the flow pattern and the CVD- :
process, gas flow and deposition process can be considered separately if the concentra- .
tions of the reacting components or the reaction rates are small. :
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 patterns in thé- reactors are very complicated because the
" flow is driven by pressure { flerénces (forced convection) and gravity (free convection).
The competition between forced and free convection is decribed by the ratio C = Gr/ Re?
2,89 For small C forced and for large C free convection is predominant. Intermedia-
 tely a regime exists — the so called combined flow regime — where the influence of both
is predominant . in a horizontal reactor filled with N, the boundary between forced and
_combined convection was found to be at Gt/Re? =08 ...35 [8]. As to the boundary
tayer flow of gases with Pr = 0.7 like Ar, 0,, N,, the following boundaries were cacula-

ted {97

"In fnost cases the ga;_ﬂhw='.gat

Gr . )
g <= <03 forced convection
' Re?
' Gr . . .
03<—; <16 combined convection (11)
Gr . .
16 <— free convection,”
Re? : , _
where gravity supports the gas flow. For the opposing gas flow the boundaries :
. Gr
0 <=5<0;3 forced convection,
. Re .
oo G
0,3< — < combined convection
‘Re

" were calculated, but no criterion for free convection could be given by Sparrow [9]. The
- distance from the leading edge was taken as geometric parameter £.
‘The predominance of the turbulent or the laminar Jow at the forced convection can
} be éstimaied by the Reynolds number. ,
| - As far as free convection is conceined the Grashof or Rayleigh number gives infor-
b ma out the gas flow pattern, Figure 4 shows the gas flow patterns {10] for gases
and fluids between iwo infinite, horizontal plates at 2 distance d (taken as typical length
 for the calculation of Ra). The lower plate is heated up to the temperature T,, and the
- ] _uppe_ij_,pigfa_e_ to the temperature T, < T, At g =0 no convection takes place in the
enclosuze regardless. of the temperature difference AT = T, — T,,. This applies also o
g # O, provided that T, = T, If, however, T, < T, thermal convection can be caused
by gravity. The convection can be either steady and 2 dimensional (laminar) or steady
and 3 dimensional (laminar) or instationary and turbulent depending on the value of
Ra. Dismukes ef al [11] estimated that most laboratory reaciors used for Si deposi-
tion have values of Re and Gr in the ranges : -

I <Re < 300 o
50 < Gr <40000 ; N k)

Gr
10—3 <§—5< 1 000
&

Large _reactors, such as are used in conventional heat treatment processes (volume
=1 m3 without fans) mostly have the following characteristic numbers.
~ 10 < Re <~ 1000 '
Gr=107...10'0 SR (14)

. Gr
Cand 10 <= < 108,
_ Re2 .
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FIG, 4, — Flow patterns in an enclosure for different fluids and gases [10].
FIG. 4. — Types d'écoulement entre deux plans paralléles horizontaux 4 températures T b, plus élevée
que T'u,

For the calculation of Gr and Re the following values for v, and € were taken : £,

diameter of the furnace, v, : gas velocity calculated from the gas inlet flow and the

cross section of the furnace, temperature difference AT = 10°C. Large reactors with
fans work mostly in the forced convection region.

‘The Mach number Ma reveals the compressible qualities of the gas flow. As all reac-
tors working at atmospheric pressure have values of Ma << <'1, the influence of Ma can
be neglected and the gas flow be considered as incompressible. In reactors working at
low presuies Ma~ 1 can be reached.

3. Gas flow

3.1. Calculations. — All the laws governing the laminar gas flow are known, so that
the gas flow can be caleulated. For its calculation the continuity equation for the to-
tal mass, for the single components, for the energy and for the momentum must be sol-
ved [2,12,13]. Apart from this the boundary conditions on the walls-must be taken
into account. ' '

Laminar gas flow calculations are not only useful for reactors in which the gas flow
is laminar but also for turbulent reactors as they have laminar zones in small tubes and
holes or between the working pieces, if the distances are small.

Calculations for turbulent conditions are very complicated and not always possible
[14].

The following two examples explam the use of such gas flow calculations. In both

examples flow and deposition can be separated, Therefore the gas flow can be treated
regardless of the deposition :

'1) In order to achieve gas ﬂow—condltions without recirculation effects [2,15], the
gas flow was studied in the reactor shown in Figure 5 which was used for Si0, and
SizN, deposition from SiH, and O, or NH, in N,-dilution. The whole apparatus could
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) FIG. 5. — Reactor geometry for
SiaN, and Si0, déposition 115].
L 10mm  ABch see Figires 6, 7 and 10.
5.5 stainless steel,
FIG. 5. — Géométrie de réacteur
pour le-dépér de SisN 4 ou de Si0,
{15} 8.5 . acier inoxydable.

be reversed. According to Figure 6 and 7 gas flow without recirculation is possible, if
buoyancy supports the forced convection. More flow patterns were calculated at
different Re (50 < Re < 250) as well as different deposition temperatures (300K <L
Tq < 1 300 K). The transition between forced convection and combined convection

- was found to take place at GrjRe? = 1. For the calculation of Gr the distance between

the deposition surface and the nozzle and for the calculation of Re the radius of the
nozzle were taken as typical length 2. _ o ‘

2) Hydrodynamic calculations enable us to gimultanecusly calculate the gas flow
and the diffusion of gases in order to produce reaction gases for CVD-processes as the
following example [16] shows : Figure & indicates the geometry of a reactor in which the
deposition of Y, 05 and ZrO, was carried out by the reaction : :

oxygen + chioride of metal = oxide.

0, was led through the ting tube and the chloride prc duced by direct chlorination of
Y or Zr through the inner tube. Both gases must be mixed in order to produce the reac-
tion-gas, - ' : ' :

The gas flow and the diffusion calculations were carried out under isothermal condi-
tions because the termperature differences in the reactor were small (AT < 150°C) in comt-

? ~ parison with the deposition and chlorination temperatuze (T = 800 — 1 000°C).

Figure 8 shows the calculated stream lines for Re =20 (calculated with the radius R
of the inner tube) and the ratio i, /i, = 0.6 (i; : gas flow through the inner tube, i, !
gas flow through the outer tube). Figure 9 shows the diffusion of O, from the outer
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FIG. 6 - Gas flow patiern in the reactor shown in Figure 5 [2], Re = 50, Gr{Re? = 22, T, =600°C,
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FIG. 6 — Fzgurcmon de l'écoulement des gaz dans le réacteur 5. [2].
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FIG. 7 -~ Gas flow pattem in the reversed geometry as in Fzgure 3, flow conditions as in Frgure 6 [2]
FIG:. 7 - Fzgurarzon de 'écoulement, dans les mémes conditions de flux que dans la Figure 6, mais
avec une géométrie inversée,
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FIG, 8. — Gas flow pattern in an axisymme-
tric reactor used for Y90 3 or Zro, deposition
from chloride and oxygen [16] Re = 20,
i1 /iy =0.6 1161
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zones into the central. gas ﬂow Parameter at the concentration lines is the reduced mole
fraction x* = x_ /x i_(x '—mole fraction of O, at the gas inlet). No deposition on
the walls was assumed Frgure 9 shows that sufficient mixing between the chioride flow
and the O,-containing flow leads to oxide formation.

3.2. Visualization experiments. — One possibility of visualizing the gas flow are TiCl,-
H, O-fume-experiments [8, 21 In these experiments TiCl,-vapor and H,O-vapor react
together and the formed oxide fume is observed by spot 11ght Figure 10 and 11 show |
examples of fume experiments at flow conditions used for the calculations of Figures
7 and 8. Both figures demonsirate a good agreement between expéeriment and calcula- ]
tion, ' '

Figure 11 and 12 show the influence of small deviations of the position of the sample
on the gas flow. The calculation of the gas flow in Figure 12 would be very extensive
because the gas flow is not axisymmetric. _

The advantage of fume experiments over the calculation method is, that these studies
can be made even at very complicated reactor geometnes the main disadvantage being
that the reactor must be transpatent.

3.3. Deposition calculation. - Deposition  calculations depend on the processes which
control the deposition : ' .

1) if the deposition is controlled by chemical reactions on the surface the methods of
surface kinetics can be applied,

2) In contrast to (1) there are processes in wh1ch the mass-transport in the gas phase
controls the deposition.

In the following the latter process is described. For the sake of simplicity the consider-
ations are confined to depositions which are controlled by the transport of one

- FIG. 10, — Experimental flow pattern at the
same flow conditions as in Figure 7 (2],
FI1G. 10. — Visualisation expérimentale de l'écou-
- lement des gaz dans les mémes conditions de flux
que Figure 7 [2}.
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- FIG. 11. — Experimental flow pattern [16], flow
conditions as in Figure-8. The lines on the pic-
[\ ture are due to internal light reflections in - the
quartz tube. TiOy — fume was produced by reac-
tion of TiCl, flowing in the inner tubé and H,0
in the ring tube. Therefore only the boundary
between both gas flows is visible,
! FIG. 11. — Visualisation expérimentale dans les
i meémes conditions que Figure 8 Des fumées de
: Ti0y sont produites par réaction de TiCl, arri-
vant par le tube intérieur et de H,0 arrivant par
V' le tube annulaire, Seule Ia frontiére entre les deus.
. gaz est visible.

FIG. 12. — Experimental flow pattern, condi-
tions as in Figure 8 but the deposition surface is
arranged obligue. Thpy -H 20 in the inner fube.

FIG. 12. — Visualisation expérimentale du flux
gazeux, conditions de la Figure 8, mais le substrat
est placé obliguement, )
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component B onto thi
cribe the depc')siti_on'th_

R
Dap,
(my, : local mass deposition rate, D : diffusion coefficient of component B in the gas,
Ap : density difference of the density Oy of component B between the surface and the
‘ free flowing gas). This number s deﬁned in analogy to the Nusselt number for the heat
transfer :

é’rwopd.nﬁmber is introduced [2,3].

Sh= - (19)

qR
Ny = —— (16)
CATA _
(q : density of heat transfer to the surface, AT : temperature difference between the sur-
face and the free flowing gas).
In general the Sherwood number depends on parameters mentloned in section 2 and

on the parameters Q, 7%, A*, D*, ¢ ,r [21
Sh=1f(r}, Re, S¢, Pr, Fr, Q, %, A%, D¥, C;) ‘ an

with the ratio @ = T /T_ (T, : deposition temperature, T, : temperature of the gas at
the gas inlet), the reduced temperature dependent functions n* n,’n =M,
D*= D/D r=c /c and the dimensionless local surface parameter r2.

If the influence of graVJty can be neglected the eq. (17) can be simplified :
Sh = g (% Re, Sc, Pr, 2, n*, \*, D¥, e). C(18)
In this equation, in contrast to eq (17} all values except Re are pressure independent.
Therefore at constant Re the Sherwood number Sh does not depend on pressure and the
inass deposition rate
- R . D ) - ) .
1m ﬂ-—R-Q-ApB g (r:‘, Re, Sc¢, P1.’, Q, 7%, \*, D* c;") (19}

B
[}

s also pressure independent because D isD_ ol /p

If in addition the temperature d1fferenoes are small, thus that the process is isothermal,
the influence of Q, 7%, A%, D* and c can be neglected :

Sh=h (1*, Re, Sc). (20)

Heat mass transfer ana10g1es can only be applied in this case. The equivalent heat-
transfer equation

Nu=h(r},Re,Pr). . _ _ , (21)

which is in some cases known in the furnace technology {17].

Eq. (20) can be formed by the exchange of Nu and Pr, by Sh and Sc. Relations like
(20) can be used approximately for deposition calculations if the conditions under which
eq. 20 is correct are not fulfilled (large temperature differences, multicomponent diffu-
sion processes). It is then necessary to use spemal approximation methods as developed
by Carlton-Oxley [18]. .

Figure 13 shows the app]1cat10n of eq 20 to the mvest1gat10n of W- depos1t1on [19]
from a WF /H — mixture by the reaction

WF +3H,>W+ 6 HF

“surface. The. flow is to be incompressible (Ma << 1). To des- §
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FIG. 13. — Tungsten deposition rates in the stagnation point at different deposition temperatures T
Comparison of experimental with calculated values, xg (WE§s)} : molar fraction of WFg near the depo-
sition surface [19).

FIG. 13. — Vitesse de dépor du iungsténe au point de stugnation pour différentes températures : Td,
Comparaison entre valeurs expérimentales et calenlées. [19].

in a stagnation flow geometry. At the stagnation point the deposition can be described by
the relation [2,16].

Shy, = 0.6. Re!f? 5c1f3. (22)

As the temperature differences were large (gas inlet temperature 300 K, deposition
temperatures 800 — 1200 K) and the deposition process being determined by a multi-
component diffusion, the method of Carlton Oxley was used. In ranges where a mass
transport controlled deposition can be expected (high pressure, high temperature) the
accordance between experimental values and calculations is good. At low pressures and/for
low temperatuze surface processes control the deposition.

If mass transfer formulae like eq. {17 ... 21) are not known, the mass transfer can be
calculated

1) by application of boundary layer theories, if the gas flow far from the deposition

surface is known [20,3]; i
2) by an exact calculation of the total gas flow and deposition problem [2].

Figure 14 shows the result of such deposition calculations according to the 2nd

method by simultancous solution of the equations mentioned in section 3. The Si N, de-

_ position experiments were made in the reactor shown in Figure 4 according to the reac-

tion 38itl, + 4NH, - Si,N, + ... Figure I4 shows a good agreement of the experim-
ental and calculated deposition profiles. - : ,

The absolute deposition rates s, {Figure 15) can, however, only be fitted to the expe-

rimental values by introducing the fitting parameter, which takes into account surface
kinetics effects : &

_Y_ (SiH,) - Y, (SiH,) | - | (23)
- Y_(SiH,)
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1 in the gas flow far from the surface,Y a’ assumed mass frac-
tion near the surface (o < 1)} :

The profile as. shown i Figure. 14 does not depend on . Figure IJ shows that only
in some ranges the calculated profiles agree with the experimental profiles.

If surface reactions control the deposition, Sh also depends on chemical numbers like
Da. In order to see the influence of chemical reactions on the deposition, we will study
the deposition on the walls of a hole (depth L = o=, diameter d). The gas is assumed to be
stagnant in the hole, so that the gas components are transported by diffusion from the
opening into the hole. The deposition is to be governed by the law

=Kfgp,
where jg Is the deposition rate. Under the assumption that the concentrations ng = ngg
are constant over the cross section, the deposmon rate j, can be calculated by the diffe-
rential equation :

T

o)

2 al .
LSS n213=ﬂdknB - : 24
4 9x” .
with the solution :
ng = Np_exp {— 2+/Dax/d) 7 (25)

(x : distance from the opening of the hole, Da = k d/D)
The distance x,;, from the opening, where the deposition rate has reached the value
1/2jp (ip = deposition rate at the opening}, is
a Q

0,347 26)
Xy = d (
12 \[I_)‘E ;
. 1-‘ .
L %\o :
. B o :
— theory . D
051 @ e

0 2 4 6 8 ' 1‘0 ‘f2mm_ %4

fop ——-—

FIG. 14, — Theoretical and experimental Si 31\' ¢ brofiles. The numbers relate to rhe numbers on the
measuring points in Figure 15. s - local thickness, s, : thickness in the stagnation point, Py - radial
distance from the stagnation point [2),

FIG. 14. ~ Profil d'épaisseur du dépdi de Sigh, (2). S épatsseur d la dzmmce radigle r st 8, épaisseur
au point de stag‘natzori
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FIG. 15. — Theoretical and experimental growth rates Sq af SiN, in the stagnation poinis vs.
pressure p. w measured profile is In accordance with the cizlculated profile (Figure 14) [2].
FIG. 15. — Vitesses de croissance théoriques el expérimentales Sg, de SizNy en fonction de p.

For reactions of the order r # 1 (jg = k ny) the- result of a similar calculation is

r—1

1-212 /1+rd o7
X ==
I 2Da '

Egs. (26) and (27) show that x,;, increases with decreasing Da, that means, that a very
slow reactions a deposition of deep tubes is possible. If the deposition is gas diffusion
* controlled, the length x, is approximately \

d
Xy ™ ;

This exarhplé demonstrates that in the reaction controiled range the throwing power
can be increased, Therefore a coating of complicated forms is easier and Jess dependent
on flow conditions than in the diffusion controlled range.

Conclusions : _

The methods described show the possibilities of estimating the flow and the deposition

in small and large reactors, if the chemical processes are only on the surface ; reactions
_in the gas flow, however, have been neglected in this paper. Hints that these processes

can influence the deposition are known from CVD-processes [19]. The importance of
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volume rteactions mcrea:sés'-inflarger chemical reactors because, normally, the residence
times of the gas in large fédctors are larger than in small reactors. Therefore, if chemical
reactions in flowing gas’ are existent, the kinetics of these processes must be investi-
gated in addition in ordeér to scale up reactors.
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