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PACS.81 15.Gh — Chemical Vapor Deposition (including plasma-enhanced CVD,
MOCVD, etc.)

PACS.47 70.Fw — Chemically reactive flows
PACS.82.20.Pm — Rate constants, reaction cross sections, and activation energies

Abstract. — Zircoma is deposited on cylindrical substrates by flowing post-discharge enhanced
chemical vapor deposition In this paper, a two dimensional hydrodynamic and chemical mod-
eling of the reactor is described for given plasma characteristics. It helps in determining rate
constants of the synthesis reaction of zirconia in gas phase and on the substrate which is ZrCly
hydrolysis. Calculated deposition rate profiles are obtained by modeling under various condi-
tions and fits with a satisfying accuracy the experimental results. The role of transport processes
and the mixing conditions of excited gases with remaining ones are studied. Gas phase reaction
influence on the growth rate is also discussed.

Nomenclature

Cp  specific heat at constant
pressure (J kg™ K~1)

M molar weight (kg mol~?)
P
diffusion coefficient (m2 s71)

pressure (Pa) or perimeter (m)
St heat sources (J m~3 s71)

ravitation field (m s~2
g & ( . ) S.. consumption source of the
h heat transfer coefficient ) . -3 1
2 vl reactive species 2 (kg m™3 s71)
(Wm™2 K1)
. T temperature (K)
k thermal conductivity
(W m~t K1) Tm  averaged temperature (K)
T,  wall temperature (K)
ks rate constants for surface or . . 1
v fluid velocity (m s™1)

gas phase reaction (m® kg2 s1)
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Dimensionless Numbers Greek Letter
G Grashof
i rasto p  fluid density (kg m~2)
Kn Knudsen =
T  stress tensor (N m~2)

Nu Nusselt

Re Reynolds w, mass fraction (kg kg™1)

Notation
~ dimensionless variable
subscript
c cold wall
h hot wall
g overall
S surface
v volume
A ZI‘C].4
B H,O
F ZI'02

1. Introduction

Flowing post-discharge (also called Remote Plasma) Enhanced Chemical Vapor Deposition
(RPECVD) is finding increasing applications [1-5]. Indeed, low temperatures (from 573 K
to 753 K) allow the use of substrates such as polymers or metallic alloys which are treated
thermally or thermo-chemically and whose structures can be damaged by high temperatures.
Removal of the substrate from the plasma environment reduces surface damage by suppressing
energetic ions bombardment and photons exposure [6,7].

In typical RPECVD reactors, a gas mixture is passed through a discharge and brought
into contact where the substrate is located with a second unexcited gas mixture introduced
upstream. Only neutral species of the plasma are transported to the processing chamber
where deposition takes place. Therefore, reaction pathways in RPECVD systems are more
constrained than those in direct PECVD [2].

In this paper, RPECVD of zirconia in late post-discharge is considered. ZrO; has low
electric conductivity and extreme chemical inertness. ZrQO; is suitable for applications in semi-
conductor devices [8], thermal barrier coatings [9], or oxidation resistance coatings [10].

Zr0O5 was deposited by reaction between ZrCly and a late Oo—H3—Ar post-discharge. The
use of late post-discharges was initially to synthesise thin films on long substrates. Plasma
assistance was chosen because oxidation of ZrCly by O2 was impossible and assumed to be
very difficult by water [11]

Indeed, before our work, no result was available in the literature on ZrCl, hydrolysis between
573 K and 753 K for this reason that handling water was described to lead to unsuitable results
[11]. In a previous paper [12], a complete characterization of the late post-discharge was carried
out. Water presence was observed in the late post-discharge with no doubts. A comparison
was drawn between the RPECVD process and the hydrolysis of ZrCly by conventional CVD.
In the temperature range [573 K—753 K], the reaction pathway for zirconia deposition was
demonstrated to be the hydrolysis of the zirconium tetrachloride The use of a plasma in this
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Fig. 1. — Experimental device.

case was a very simple mean to determine a partial pressure of water at the inlet of the reaction
zone. It was concluded that our RPECVD process was, in the late post-discharge and in the
range of temperature given above, comparable with a conventional hydrolysis process.

The main result of the previous study [12] was that water could be handled without stringent
precautions but in conditions that could not be found easily without the use of a post-discharge.
According to authors’ knowledge, nothing is available on ZrCly hydrolysis in the range of
temperature from 573 K to 753 K. Our step was the only mean to demonstrate that the use of
low partial pressures of water in very precise hydrodynamic conditions enable zirconia synthesis
below 1223 K.

The purpose of this work is first to explain, by a transport and chemical approach, the
reason why water can be handled so easily in our conditions, whereas it is explained that it
was a problem in all the previous studies. For that, the rate constant for ZrCly hydrolysis
reaction in the gas phase and on the substrate will be proposed. A complete description
of the reactor was the only mean to determine these values. The influence of the process
parameters on deposition rate is also used to validate the calculated rate constants. From then
on, calculations are performed at higher temperature to explain what was observed by other
authors.

The second purpose of this work is also to examine transport phenomena in a CVD reactor
with a process approach in order to control film synthesis. This is an important step in the
optimization scheme of our process. The thickness homogeneity of layers is improved to lead
to weakly decreasing deposition rates along the substrate. The modeling also helps us to
understand why the experimental conditions leading to zirconia formation at low temperature
could not be easily found with conventional CVD approaches.

2. Experimental Apparatus

The RPECVD apparatus consists of three parts : 1) the microwave excitation of an Ar—Oy—H,
mixture; 2) a chlorination chamber to perform ZrCl, mn situ synthesis and 3) the furnace where
the substrate is located (Fig. 1). The transport of the excited species to the substrate is ensured
by a tube which also separates them from other gases.

The plasma source is produced in a quartz tube (5 mm inner diameter) by a 2.45 GHz
microwave system with a surfaguide surface wave launcher located upstream (1.2 m) from the
deposition chamber. Delivered power is constant (130 W).

To avoid gas phase reactions, the oxidizing mixture flows through the discharge and reaches
the reaction zone in a quartz tube (15 mm inner diameter) separating this oxidizing mixtures
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Table I. — Reference conditions.

General conditions

T=753K

P =15 hPa

Substrate location: 3 cm inside the separating tube

Discharge parameters
P, =130 W

Qar = 1027 sccm
Qo, = 12.5 sccm
Qu, = 24.5 sccm

H,O partial pressure at 2 =0: 22 5 Pa
Qu,0 = 15 scem

Chlorination conditions
T=623K

Qar = 21 scem

Qc1, = 5 sccm

from the Ar—ZrCly mixture. Typical gas flow rates are indicated in Table I. Each species
except argon can then be considered as very diluted.

The chlorination chamber is an n situ synthesis device of ZrCly from an Ar—Cly; mixture
flowing through a zirconium bed heated to 623 K. The reaction Ar+Cly — ZrCly is complete
under these conditions of temperature and pressure, what is verified by mass loss measurements.
Argon flow rate is 21 sccm while Cl; is in the [0-5 sccm] range.

The substrate is located 1.20 m downstream from the gap discharge, in a furnace with an
isothermal zone of 30 cm. Temperature is chosen equal to 623 K or 753 K. The substrate
is a cylinder (9.5 mm outer diameter) of 20 cm length. A holder, with the same cylinder
shape, penetrates and supports the substrate. It rotates to ensure a constant radial deposition
rate distribution. Rotation is considered low enough (actually 0.6 rad s~!) to ignore any
possible pressure diffusion effect. Therefore, ZrCl, distribution is assumed to be cylindrical.
The reactor is a quartz tube (inner diameter of 28 mm). Two geometrical configurations are
studied according as the substrate is entered into the separating tube or remains outside a
distance of 3 cm.

3. Experimental Results

Experiments are carried out at 623 K and 753 K in the conditions specified in Table I. The
deposition rates are calculated from SEM micrographs. The substrate, after treatment, is
sawed in pieces of one centimeter long, and submitted to a mechanical strain till the layer
broke. These results will be compared hereafter with calculated deposition rates.

For a given temperature. the same morphology was obtained all along the substrate. For
example, no significant variation was observed in the columnar grain size. As described in
reference [13], at 623 K, divergent polycrystalline sheaths are formed, each composed of several
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columnar single crystals. At 753 K, the “columns” are composed of individual straight-sided
single crystals.

The presence of particles in the layer is to be expected at higher temperatures [6] but is
barely observed between 573 and 753 K. Furthermore, the reaction rate in the gas phase do
not lead to a complete consumption of reactants and deposition occurs at significant rates.

It must be noticed here that no precautions were observed to handle water. This was not
necessary as it is explained just below.

The reaction of water with metal chlorides occurs only in a narrow range of temperature
[573 K-753 K]. Two conditions seem to be required. First, particles formed in the gas phase
must be small enough to be removed by the gas flow without being incorporated in the film
during the deposition process. Particles were probably produced at a rate that prevents their
agglomeration during their residence time in the reactor. Second, the depletion of reactants
by consumption in the gas phase must not be complete. This condition is probably satisfied
because the gas phase reaction rate is probably slow compared to that at 1223 K [6]. The fact
that the water vapor is highly diluted in argon also helps to moderate and control this gas
phase reaction rate. This indicates that films with highly satisfactory characteristics could be
obtained with the use of simple hydrolysis between 573 K and 753 K, under precisely controlled
conditions. That is the reason why no care was taken to handle water. The control of film
uniformity depends only on the hydrodynamics of the gas flow and can-be improved with the
aid of modeling. Therefore, the partial pressure of water must be known.

Indeed, the oxidizing mixture contains HoO. The highest deposition rates were obtained
for a ratio of flow rates Hy/Oo=2 [13]. Species in the plasma are dissociated and recombine
in the post-discharge to synthesise water. The partial pressure of water was determined by
mass spectrometry measurements. Quadrupole Mass Spectrometry (QMS) measurements were
carried out with a Balzers QMG-511 apparatus. The gas was sampled at about 50 cm from the
discharge gap This distance and the diameter of the delivery line to the QMS chamber were
chosen to give equal residence times for each species between the sampling point and either the
substrate or the mass spectrometer chamber. The partial pressures measured in the RPECVD
process by mass spectrometry thus corresponded to those existing in the upstream region of the
substrate. In these conditions, the intensity of the HoO peak (AMU=18) was noted. In a second
step, experiments were carried out without plasma but with an Ar—HyO mixture. In order to
control the water vapor flowrate in the reactor, two argon streams were used. The first stream
carried HoO from the saturator vessel held at 298 K, at a low gas velocity to ensure saturation
of the argon by water vapor, while the second stream was adjusted to fix the total flow rate.
It was possible in this way to choose the overall flow rate of argon in the system, keeping the
hydrodynamic characteristics constant between the RPECVD and hydrolysis reactors. The
water vapor partial pressure was thus determined by the respective flowrates in the two argon
streams and was measured by quadrupole mass spectrometry. The flowrates of the two argon
streams were adjusted so that the HoO signal from the mass spectrometer was identical to that
measured in the RPECVD process. The HyO peak intensity was found to be equal to that
measured with the post-discharge when the argon flowrates were 15 sccm for the water-carrying
gas and 1000 sccm in the discharge tube.

It can be concluded that the use of a plasma here helps only in synthesizing a partial pressure
of water. A complete discussion is provided in [12].

4. Modeling

4.1. HYDRODYNAMIC MODELING. — The model used in this study is obtained by solving the
conservation equations of continuity, momentum and energy. Equations are solved considering
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Table II. — Transport data.

Ar=37110"%° T+ 731 x 1073 Wm™ ! K~1!
par =381 x1078 T +1.57x 1075 kgm~ts~!
Conr = 520 JTkg~ 1 K~!

Dzrcl,—ar =6 % 1078 T1'75/P m2s~!
Dy,0-ar =3 % 1074711 5/P m2g~1

a stationary state. Pressure in the system is assumed large enough to consider the gas phase
as satisfying the conservation equations in a continuum medium (Kn = 2 x 10~3). The set of
partial differential equations which expresses the conservation of component i (what leads to
the continuity equation by summing over 7), the momentum and energy balance is closed by
the ideal gas law:

V - (pw,v — D,pVw,) = 5, 1
V-pvww—-V.7 =-VP+pg (2)
V. (pCoTv —kVT) = Sr (3)

p is the fluid deunsity; v the velocity; w, the mass fraction and S, is the consumption source
of the reactive species (the deposition kinetics) as specified further. The species balance (1)
can be solved to yield the mass fraction fields. Each reactive species is assumed to be dilute in
argon, allowing for the use of a simple form of Fick’s law. D, is then considered as the binary
diffusion coefficient in argon.

T is the stress tensor. pg, T, P, Cp and k are respectively the gravitation force, fluid
temperature, pressure, specific heat at constant pressure and thermal conductivity. St are
heat sources and are taken here equal to 0. The flow is assumed to be laminar (Re=20).
Convection regime is forced (Gr/Re?=10"3). Heat viscous dissipation is neglected. Soret and
pressure diffusions, Dufour effect, gas radiation absorbance likewise are herein ignored. All-the
transport data are given in Table II.

Many works on CVD modeling were carried out by taking into account very complex chem-
istry and transport phenomena [14-30]. It was impossible to develop a very sharp modeling of
the Ar—H,O-ZrCl, system. Most of the data required are not available to take into account
specific phenomena like those neglected. A dilute medium is the key parameter of the excellent
control of the process.

4.2. KINETICS MODEL. — In a previous paper [12], a study of the possible reaction pathways
that can lead to the deposition of the ZrQ; films establishes that, in the range [573 K-753 K],
the main reaction leading to zirconia formation was:

ZrCly+2H,0 — ZrO,+4HCL

This reaction pathway was applied to the heterogeneous reaction. It is also applied to gas
phase reaction but with a different rate constant. This is necessary to take into account the
reactant depletion due to the gas phase consumption. It is observed that in the RPECVD
process, hardly no particle formed in the gas phase falls onto the film. It is known [11] that at
high temperature (1223 K), unsuitable results are obtained when water reacts with a chloride.
This is due to the violent reaction between these two species which leads to particle formation
and reactant consumption. Between 623 K and 753 K, particle size is probably smaller because
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the reaction rate is less fast and because the particles do not agglomerate while they stay in
the furnace. These small size particles are carried away by the gas flow. The depletion due
to the consumption of the reactive species in gas phase is weak enough to ensure a deposition
rate of a few micrometer per hour. Nevertheless, this depletion is not negligible. Indeed, this
phenomenon explains how the deposition rate on the substrate can remain constant with a
temperature change of 130 K as it will be presented hereafter.

Therefore, two simple coupled chemical reactions are assumed for consumption of gaseous
precursors. The aim of this approach [31] is to provide rate constants for ZrCly hydrolysis in
order to predict accurate growth rates, as far as the hypotheses are concerned, under various
conditions. Only direct kinetic constants are considered, by-products reaction order chosen
equal to zero.

For easier notation, gas phase and surface reactions can be written as follows:

ks,v
A+2B—5F+P (4)

where A=7Z7rCly, B=H;0, F = ZrO, and ks, is the rate constant for surface or gas phase
reaction. The source terms of equations of continuity for A and B are therefore due to the gas
phase consumption:

2
pwB
Swy = v ——
" Fopn (MB )
pwa (pws)?
Sup = —2k,E2ALCE) 5
B 2k MA MB ( )
The growth rate is then defined by:
Mz.0,
va=—22Jz.0, n (6)
PZrOg

where Jz:cy, is the molar flux of ZrCly and n, the normal to the surface.

4.3. BOUNDARY CONDITIONS. — The surface reactions were treated as boundary conditions.
The (O 2) velocity component v, is assumed to be zero on the walls parallel to (O z) and
vy on those parallel to (O y). Azimuthal distribution of Ar—2rCly mixture is assumed to be
uniform otherwise a 3D model would have been necessary. Furthermore, low substrate rotation
ensures azimuthal deposition rate uniformity. The inlet flow rate of HO is taken equal to 15
sccm in the plasma conditions herein mentioned [13]. Temperatures are all measured, except
for the inner and outer surfaces of the separating tube. The estimation of these temperatures
has been achieved by considering the separating tube as a heat transfer exchanger wall. Then,
the temperature of each side of the wall would be provided by equations (7) and (8).

Ty, = Tm + hg(Tmh - Tmc)/Pchc (7)
Ty, = Tm,— hg(Tmh ~ T, )/ Pahn (8)

where the subscript ¢ is for the cold (inner) wall and h for the hot (outer) wall. Ty, is the
average temperature of each fluid and P is the perimeter The hot fluid refers to that coming
from the chlorination chamber (623 K) and the cold from the plasma mixture (400 K) [32].

Each wall temperature required the calculation of hg which is the overall heat transfer
coefficient, given in [33] as:

A
1_1 .k (Tv“) L]
hg B Pchc kSOlld -Phhh

(%)
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Fig. 2. — Wall temperature and heat transfer coefficient calculation algorithm.

Here kgoua is the thermal conductivity of the quartz tube; h. and hy are the heat transfer
coefficients for cold and hot walls. The latter are linked to the dimensionless wall temperature
gradient at each wall of the tube represented by the Nusselt number, and the gas conductivity
k by equation (10):

hen(z) = —ken (91%;‘;—”)
Y

where T and § are defined by

/Dep = —kenNu(2)/Den (10)
1

T= (T—Tm)/(Tw “Tm) and § = y/R.

Therefore, the equations above can only be solved by an iterative process which is described
Figure 2. When convergence is achieved, the temperatures are determined as are the heat
transfer coefficients.

This approach requires no specific hypothesis on the heat exchanger wall geometry as is
usually the case with the use of correlations.

4.4. CALCULATION DATA. — Incomplete knowledge of chemical kinetics can be offset by
the use of thermodynamic data [34]. With simple kinetics, involving no gas phase reaction,
if deposition is known to be diffusion limited, the surface rate constant can be chosen at a
sufficiently large value [35]. To solve the problem of the ZrCly—H,O system, rate constants are
estimated by the use of the modeling with experimental measurements. In order to validate
their values, conditions are changed and the model compared with experimental results. Kinetic
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Fig. 3. — Temperature distribution at a furnace temperature of 753 K in reference conditions. Isolines
are every 15 K

constants can not be considered as simple parameters whose values are adjusted to fit with
the experiment results. When conditions are changing from those that are used for their
estimation, the accuracy of the experiments with the modeling results is no longer due to a
simple parameter adjustment.

Thermal conductivity, heat capacity and viscosity of mixtures are estimated by consider-
ing pure argon properties, assuming a very dilute medium. HO and ZrCl, binary diffusion
coefficients in argon are estimated from calculations [36] with critical values from [36, 37].

Computational mesh is cylindrical. It is 56 x 250 cells in 7 and z directions. Dimensions of
cells are 0.5 x 5 mm?. Incorporating the axisymmetry assumption, the computational domain
is reduced to a half of the reactor. The implicit Phoenics code is used for this calculation.
Radial dimension is multiplied by a scale factor of 25 for the presentation of results (Figs. 3
to 6).

5. Results and Discussion

5.1. TEMPERATURES AND VELOCITIES DISTRIBUTION. — At a furnace temperature of 753 K,
this temperature being that of the isothermal zone, temperatures distribution in the reactor is
recorded in Figure 3 for the geometrical configuration where the substrate enters the separating
tube. At a furnace temperature of 753 K, for outer location, temperatures are recorded in
Figure 4.

The post-discharge mixture (z.e. the cold fluid) is heated while flowing in the separating
tube. Its heating is influenced by the substrate position (Figs. 3 and 4). This substrate,
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Fig. 4. — Temperature distribution at a furnace temperature of 753 K in reference conditions with
the substrate located outside the separating tube. Isolines are every 15 K.

essentially heated by radiation, acts as another heating source for the gas mixture.

When the substrate is located outside the separating tube, the mixing-zone of gases is not
isothermal as is nearly the case for the second configuration. When the substrate is inside, the
mixing of gases is done on the substrate at constant temperature.

Calculated isotherms show that a very sharp jump is occurring at the leading edge of the
substrate. This is due to the fact that the gas is heated very rapidly, while it is cold and flows
on hot surfaces.

Flow is assumed to be laminar regardless of conditions (Re = 20). Diffusion in the flowing
direction is negligible compared to convection (Pe > 10) for both ZrCly and HzO in the
reference conditions as well as when the Ar-ZrCly mixture velocity is increased.

In the mixing-zone of the post-discharge with gases flowing from the chlorination chamber,
ZrCl, is essentially convected, in reference conditions, to the wall of the reactor. This can be
observed by considering the mass fraction of ZrCl, (Fig. 5). In this figure (and also in Fig. 6),
the mass fractions are given in the range [0.002, 0.02] because values outside this range are
those of the parts of the reactor where no mixing occurs and therefore, where they are of little
interest. The zirconium tetrachloride is highly concentrated in this zone. This effect is less
important with a higher flow rate of the gases coming from the chlorination chamber.

One way to improve gas distribution is to increase argon flow rate of the Ar—ZrCly mixture
what, in turn, increases Ar—ZrCly velocity. Figure 6 illustrates velocity distribution when
Ar—ZrCly mixture velocity is equal to that of the post-discharge mixture in the separating
tube, what is obtained by using a flow rate for argon that carries ZrCly equal to 600 sccm.
The convection effect is less important but still exists due to the section reduction on the
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Fig. 5. — Velocity and ZrCly mass fraction distributions in the mixing-zone of Ar-ZrCly with the
post-discharge in reference conditions (isolines are every 0.002, only values in the range [0.002-0.02]
are given).

length where the substrate enters the separating tube. The main interest for disposition is
to ensure a short mixing-zone of reactive species and a better uniformity of their distribution
around the substrate without this mixing-volume being too extended to avoid reactive species
consumption in the gas phase.

5.2. INFLUENCE OF MAIN PROCESS PARAMETERS ON DEPOSITION RATE PROFILES. —
The first aim of this work is to calculate, a priori, the kinetics constants of reactions (4) and
to change experimental conditions in order to validate model predictions with experimental
growth rates. Calculating these constants will permit to explain the difficulties encountered
by other authors on the use of water at high temperature. Each constant is calculated with an
Arrhenius law:

ks = k2, exp(—Es/RT)

The fitting is done for two temperatures of the furnace (z.e. 623 and 753 K) (Fig. 7). Indeed,
only two temperatures are required to determine ks and &, which are coupled.
The best fit is obtained with:

k0 =2.71 x 10" m® mol™? 57!, E; =40 810 J mol™"
k0 =1.32 x 10 m6 mol-2 5™, E, =88 570 J mol™"
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Fig. 7. — Experimental and calculated deposition rates versus location on the substrate in reference
conditions at 623 K and 753 K.
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Fig. 8. — Calculated deposition rates versus location on the substrate (dashed lines) and on the

reactor tube (solid lines), a) in reference conditions, b) when the carrying ZrCly argon flow rate is
mcreased to 600 sccm, ¢) when the substrate is located outside the separating tube.

These values were determined in a large range of values. k0 and k? were investigated in the
range [0, 10'® m® mol~2 s~!] whereas E; and E, were investigated in the rage [0, 10% J mol~1].
It was necessary to choose k, different from 0. This was necessary because the only way to
explain that the deposition rate remains constant while temperature of the furnace decreases
by 130 K is to introduce a gas phase reaction. Indeed, if one assumes that the reaction leading
to zirconia formation at the wall is unchanged, this means that the reaction is not thermally
activated. It is well known that the hydrolysis of ZrCl, at 900 K is so violent that the process
can not be controlled. Furthermore, particles incorporated in the films were a few but their
presence proves that the gas phase reaction is possible.

The accuracy of the presented rate constants is hard to define. Indeed, these values depend
on the choice made for ZrCly transport properties (diffusion coefficient, thermal coefficient and
viscosity) and on the deposition mechanism (the reaction order was assumed to be equal to 2).
First, ZrCly transport data are not known exactly. Secondly, the above values are capable of
integrating several elementary processes and are only representative of an overall mechanism.

For a given k,, changing the values of ks of 10% for example leads to a decrease or an increase
of the maximum calculated deposition rate by 10% also, the general shape of the curve being
weakly changed. Changing k., modifies the deposition rates so that they do not superimpose
any longer when varying the temperature. Therefore, the rate constants lead to satisfying
modeling results for values that can be weakly different from those proposed above.

The experimental values of deposition rates at 623 K and 753 K are nearly identical (Fig. 7).
Both curves exhibit a maximum. The ascending part of the profiles is due to the mixing of Ar-
ZrCly with Ar—H20O. The descending part is conversely due to reactive species consumption.
On the reactor wall (Fig. 8), ZrO, deposition rate has the same shape but demonstrates a
higher maximum rate. The difference of both rates can be explained by the convection effect
due to velocity difference between Ar—ZrCly and Ar—Hs—O;, as shown in Figure 6. Up
to the present, deposition rates on the reactor wall are not measured due to the azimuthal
heterogeneity of gases distribution that leads to non constant deposition rates.

The only way to explain deposition rate remaining constant while the temperature of the
furnace decreases by 130 K is by gas phase reaction. Deposition rate depends on temperature,
but also on reactive species concentration. Therefore, effect of kinetic constant decrease (due
to lower temperatures) can be explained by concentration increase (due to lower gas phase
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Fig. 9. — Experimental (blobs) and calculated (solid lines) deposition rates versus location on the

substrate in reference conditions for different chlorine flow rates (circles: 2 scem, diamonds: 4 scem,
triangles: 5 sccm).

consumption) leading to constant or decreasing [38] deposition rate profiles.

It could be imagine that the gas phase reaction is highly thermally activated and that the
surface reaction is not or very little thermally activated. In this case, the gas phase reaction
should have a negligible reaction rate at 573-753 K. It is assumed here that this is not the
case despite no matter balance could be done. This was not possible because of the very little
diameter of the particles synthesized in the gas phase. But we have noticed that a large amount
of hydrolysed zirconia could be found at the end of each experiment in the pumping group.

Nonetheless, a higher volume activation energy than that for surface was found. Two highly
activated reactions are concluded. This is what was looked after. Indeed, these high values
explain that at high temperature, the hydrolysis of ZrCly becomes extremely violent and leads
to unsuitable results because a lot of particles are formed in the gas phase. It can be concluded
from the previous quantitative study that the control of this reaction can only be ensured by
the use of very diluted species in argon. In order to avoid a complete depletion of the reactive
species by consumption in the gas phase, the reaction rate increase due to the constant increase
with the temperature must be offset by the decrease of the partial pressure of ZrCly and HyO.

Deposition rates, obtained at two temperatures of the uniformly heated zone, were used to
calculate unknown kinetic constants. The validation is provided in changing parameters of
the process which do not affect plasma characteristics (i.e. Cly flow rate, argon flow rate of
the Ar—ZrCly mixture and substrate location). The higher the Cl, flow rate, the higher the
deposition rate (Fig. 9).

5.3. IMPROVEMENT OF THE DEPOSITION RATE HOMOGENEITY. — To improve length depo-
sition rate homogeneity, an additive argon flow is introduced outside the chlorination chamber
to increase the velocities of the Ar—ZrCly without affecting the chlorination reaction yield.
Temperature decrease also leads, in theory, to constant deposition rate, when surface reaction
becomes rate limiting, but the structure of the layer is changed. Increasing the flow rate of
argon in the Ar—ZrCly mixture is also preferred to ZrCly flow rate increase because calcula-
tions have demonstrated that very high chlorine flow rates should be used to reach constant
deposition rate. When the flow rate of argon carrying ZrCly is increased, the deposition profile
is flattened and the maximum position is shifted with rate remaining essentially unchanged
(Fig. 10). The flow rate of argon carrying ZrCly is increased, which implies a dilution effect
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Fig. 10. — Experimental (blobs) and calculated (solid lines) deposition rates versus location on the
substrate in reference conditions with the carrying ZrCly argon flow rate increased to 600 sccm.
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Fig. 11. — Experimental deposition rates versus location on the substrate with the carrying ZrCly

argon flow rate increased to 1270 sccm. The substrate was in contact in this case with the separating
tube.

but also results in a better distribution of ZrCly. This can be seen by comparing the ratio of
the maximum deposition rate on the wall of the reactor with the maximum deposition rate
on the substrate (Fig. 8). This ratio is equal to 6.3 in reference conditions and 1.7 when the
substrate is located outside the separating tube. This demonstrates that ZrCly, convected to
the reactor wall when argon flow rate is low, is available to react on the substrate, which offsets
the dilution effect to give an almost constant deposition rate.

In the experimental configurations studied, flat profiles could not be obtained with flow
rates below 1400 sccm, 2.e. the maximal flow rate available with the mass flow meters used
here. New experiments were carried out by changing the position of the substrate holder axe.
It was moved so that the substrate was in contact with the separating tube inner wall. The
diffusion distance for ZrCly was therefore shortened and the deposition rate increased. In these
conditions, results presented in Figure 11 were obtained. Flat profiles could be obtained over
20 cm. Increasing the flow rate of argon carrying ZrCly leads to a decrease of the deposition
rate due to the dilution effect. Qualitatively, the same results were obtained when the power
delivered to the plasma decreased from 130 to 20 W [13]. The results could not be obtained
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Fig 12. — Experimental (blobs) and calculated (solid lines) deposition rates versus location on the
substrate 1n reference conditions, the substrate being located outside the separating tube.

by calculation because a 3D modeling would have been necessary.

When substrate is removed from the separating tube, gas distribution is improved when
compared with reference conditions. The ratio introduced above is then equal to 3.7. Thus,
the influence of the short zone where the section is diminished while the substrate is entering
the separating tube, is determined.

Substrate location also notably influences deposition rate profiles. When the substrate is
located inside the separating tube, the mixing of both gases occurs right on-side the substrate,
what results in the ascending part of the profile whereas for external configuration, the mixing
has already occurred when gases encounter the substrate and deposition profile demonstrates
a shortened ascending part and is only slightly decreasing (Fig. 12). Deposition rate is only
weakly diminished in the former case. This lower maximum rate can be attributed to lower
temperatures of the mixing-zone when the substrate is out of the separating tube. Gas phase
consumption is therefore reduced and mixing-zone length depends mainly on gas velocity.

It can be pointed out that the hydrodynamic conditions leading to zirconia formation are
very precise. The consumption of the reactive species in the gas phase must not be too high.
Powders size must remain low while they flow in the reactor to be evacuated. These conditions
depend on the kinetics of ZrCly hydrolysis which is controlled by the temperature and by the
partial pressures of water and zirconium tetrachloride. The temperature effect on the reaction
kinetics is determined with this work. The partial pressures of the reactive species have to
be low enough between 573 K and 753 K to ensure a reproducible control of the deposition
process. This is probably for these reasons that zirconia synthesis in this range of temperature
is ensured, in all the examples available in the literature, by non conventional CVD processes.

6. Conclusion

A 2D hydrodynamic and chemical model of a flowing post-discharge enhanced chemical vapor
deposition is provided for given plasma parameters. This approach is very useful in its ability
to study a simple macroscopic deposition mechanism. Consumption of reactive species by gas
phase reaction is taken into account. The rate constants for zirconium tetrachloride hydrolysis
are proposed for gas phase and surface reactions. This also helps us in understanding, under
given plasma conditions, transport phenomena and the influence of parameters which do not
affect plasma characteristics. The gas distribution and deposition rate homogeneity over length
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are improved by increasing the velocity of argon in the Ar—ZrCly mixture. Substrate location
is also found to play a important part on the deposition rate profiles.

These findings should stimulate future work that will focus on plasma analysis to link plasma,
processes with transport phenomena and water synthesis. The future discussion of rate con-
trolling steps involved in the process should also be considered.
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