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ABSTRACT

Deposition inside hollow substrates of zirconia in late Ar-
0y-H; post-discharges [s considered. Inner surface of
cylindrical subswrates of about two tens centimeters long
could be couted by this process over thew whole length
with a thin film of zirconia from 573 K upwards.

A complete modeling was required to control the process.
Resoluton of the conservaton equanons of contnuly.
momentum and gnergy was camed out. Indeed. by this
mean, the thickness homogeneity of layers were improved
to lead 1o almost constant or weakly decreasing deposition
rates along the substrate.

I. INTRODUCTION

Zr0: has low electric conductivity and extreme chemical
mertness, ZrO; is suitable for apphecations in senu-
conductor devices'. thermal barrier coatings®, or oxidation
resistance coalings . Its deposiuon inside hollow substrates
could be an mierestng solution (o the problem of wear that
aceurs, for example, in extrusion thes.

I a recent paper’, RPECVD of zirconia 1t late Ar-Os-H,
post-chscharges  was  considered  (species  reach  the
substrate after about 25 ms). Quter surface of cylindrical
substrates of aboul two lens centimeters long could be
coated by this process over their whole length with a thin
ftim ot Zicowma from 573 K upwards.

Plasma assistance was first chiosen because oxidation of
ZiCly by O, was unpuossible at low temperatures that are
needed on metallic alloys which are treated thermally or
thermaochenucally and whose structures can be damaged by
high temperatures, Reaction between ZrCly and water was
assumed o be very difficult as stated in the literature’®,
Indeed, before our work, no result was available on ZrCl,
hydrolysis between 573 K and 753 K for this reason that
handling water was described to lead to unsuitable resulis®
As the highest deposiuon rates were obtained v our
RPECVD process for a plasma composition of Ar-
12 3vol 0. 24vol %M, te. the stowchiometry for water
synthesis, a complete characterizaton of the late post-
discharge was carried out. Water presence was observed in
the late post-discharge with no doubts. A comparison was
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drawn between the RPECVD process and the hydrolysis of
Z1Cly 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 zircomum
tetrachloride. The usc of a plasma in this case was a very
simple mean to determune a partial pressure of water at the
inlet of the reaction zone. It was concluded that our
RPECYVD process was, in the late post-discharge and n the
range of temperalure given above, comparable with a
conventional hydrolysis process.

It could be pomnted out that the hydrodynamic conditions
leading  to zirconia formation are precise.
Consumption of the reactive species in the gas phase is low
enough 1o cnsure a powder size that remains low while
they flow 1in the reactor to be evacuated. But partial
pressures of reactive species remains high enough to gera
significant deposition rate on the substrate (=10 pm h'').
These conditions depend on the kinetics of ZiCly
hydralysis which s mainly controlled by the temperature ,
which the effect on reagtion kimetics was determuned, and
by the partia]l pressures of water and  zirconium
tetrachlonde, The partial pressures of the reactive species
have 1o be low enough between 573 K and 733 K to ensure
a reproducible deposition process. For this reason,
modeling 1s required 1o control the process, [ndeed. by ths.
mean, the thickness homogeneity of luyers can be
improved to lead o almost constant or weakly decreasing
deposition rates along the substrate, Many works on CVD
modeling were carried vut with this aim**,

In this paper, conclusions of our previous study are
extended tw the case of hollow substrates. A short study of
the influence of varous parameters is carried out and
correlated to a modeling of the reactor,

very

2. EXPERIMENTAL APPARATUS

The RPECVD apparatus consists of three parts : 1) the
nmucrowave excitation of an Ar-O,-H; mixture (SWL); 2) a
chlorination chamber 1o perform ZrCl; in-situ synthesis
(CL) and 3) the turnace where the substrate is located (3)
(Agure 1), The wransport of the excited species to the
substrate is ensured by a wbe which also separates them
from other pases.
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Figure 1 Experimental device

The plasmia source 1s produced in a quartz tube (5 mm
e dhameter] by o 245 GHz microwave system with a
surfagurde surface wave launcher located upstream (1.2 m)
o the depusition chamber. Delivered power is constant
(130 W),

Foavonrd gas pluse reacnons. the oxtdizing muxture flows
rough the dischurge and reaches the reaction zone in a
Guatis lube (15 mm dnner  diamcter)  separating this
onidizing nuxwres from the Ar-ZrCly mixnure. Typical gas
How rates are indicated in table |, Each species except
urgoit can then be vonsidered as very diluted.

the chlormaton chamber 1s an in-sit synthesis device of
ZrCly fromean Ar-Cly nuxture flowing through a zirconium
bed heated to 623 K (except when the fumace temperature
is lower. In this case, the chlorination temperature 15 equal
W the furnace one). The reaction Zr + 2Cl — ZrCly s
complete under conditions of temperature and pressure,
what 15 venified by nmss loss measurements. Argon {low
tate 1 the chlorination chamber 1s 21 sceny while Cly is in
tre [0 - 3 scem| runge. As this tlow rate 15 low, compared
wthat ut the post-discharge, an additional argon line
cnubles o merease the wal Jow rate of ZrCly without
chianging the chlorwaton yield. Avgon ow rate in this
addizenal line 1s 600 seem.

Phe reacier 15 a0 quanz wibe (naer diameter of 28 mm).
Piwosubstre os tocated 120 m downstream from the gap
thw furnace with an isothermal zone of 30 em.
Pemperature s vared berween 373 Koand 753 K.

Fhe substrate s a eyhnder (9.5 nm outer dumeter) of 20
ci lengthe A holder, with the same cylinder shape.
pendlrates the end ol the substrate and supports it It
ensure o constant  radial  deposiion  rate
distribution. Rotation is considered low enough (actually
U6 rad s7) 1o ignore any possible pressure dittusion effect.

discliurey

rediies o
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speclrometer

Therefore, ZrCl, diswribution is assumed to be cylindrical,
The end of the substrate has holes for pumping.

Table 1 : Reference conditions

General conditions
T=733K
P =15hPa
Discharge parameters
Pw=130W
Qi = 1027 scecm
Qu2=12.5scem

Qua =2

-
S
o

5¢cm

H.O partial pressure at z=0 : 22.5 Pa

Chiormation conditions
T=623K
Quar = 21 scem
Q(_‘r: = 3 scem

Addinonal line : 600 scem

Mixture of the gases and their introduction in the substrate
are done by the way of a ceramic funnel. The cone of the
funnel 15 43 mum long and 9 mm high between its inner and
outer walls.

3. MATERIAL RESULTS

Experiments are carried out between 573 K and 753 K in
the condinons specified in Table 1. The deposition rates
are culeulated from SEM micrographs. The substrate, afier
treatment, is sawed o preces of one centimeter long, and
subnitted to a mechanical strain till the layer broke. These




results will  be with calculated
deposition rates.

For a given temperature, the same morphology was
obtained all along the substrate. As described in
reference'™, at 373 and 673 K, divergent polycrystalline
sheaths are formed. each composed of several columnar
sgle crystals. At 753 K, the “columns™ are composed of
individual strazght-sided single crystals. But the average
diamigter of each crystal varies with temperature. [t can be
concluded  that density of the layer increases wlhen
IEMPEraiure mereases.

compared  hereafter
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Figure 2 @ SEM micrographs of cross sections of
substrates treated at (a) 373 K, (b) 623 K, (¢) 753 K in
conditions of table 1.

The presence of particles in the layer is 1o be expected al
litgher temperatures™ but is barely observed between 573
and 753 K. Furthermore, the reaction rate in the gas phase
do not lead w a complete consumption of reactants and
deposition oecurs at significant rates.

4. MODELING

41T HYDRODYNAMIC MODELING

The model used in this study is obtained by solving the
conservation equations of continuity, momentum and
energy. Equanions are solved considering a stationary state.
Pressure m the system 1s large enough to consider the gas

phase as satisfying the equations in a continuum mediun
(Kn =2 107). The set of partial ditferential equations
which expresses the conservation of component 1 {whal
leads to the continuity equation by summing over i), the
momenturn and energy balance is closed by the ideal gas
law :

(1) V-(PU’lG-DiP\?wi) :Sm:
@) Vpiw-V.i=-VP+pg
(3 V(pC,TV-kVT)=0

p is the fluid density; V the velocity; o; the niass fraction
and Sy 15 the consumption source of the reactive species
(the deposition kinetics) as specilied further. The species
balance (1) can be solved to yield the mass [raction fields.
Lach reactive species is assumed to be dilute in argon,
allowmg for the use of a simple form of Fick's law. Dj 18
then considered as the bmary diffusion coeflicient m
argon,

T is the stress tensor. P g ,EL P Cp oand k are respectively
the gravitation force, fld temperalure, pressure, specific
heat at constant pressure and thermal conductivity. The
flow 1s assumed to be laminar (Re<150). Convection
regime is forced (Gr/Re’<107). Soret diffusion is herein
ignored. All the transport data are given in wble 2.

Table 2 : Transport data

har =371 107 T+73110° Wm' K
Wa = 381 10% T+ 1,57 107 kgm' s
Cpa = 520 J ke K
Daicen =6 107 TP o 57
Dypo.a, = 3 107 TP m? s

A dilute medium is the key parameter 1o the sumplicity ol
our model. [t 15 also, as we are going W see it later, the
reason of the excellent control of the process,

4.2 KINETICS MODEL

In a previous paper', a study of the possible reaction
pathways leading to the deposition of the ZrO, films
estublishes that, i the range [373 K-753 K|, the main
reaction leading to zirconia formation 1s :

{a) ZrClL+2H,0—-Zr0,+4HCI

This reaction pathway was applied to the heterogeneous
reaction. It is also applied 1o gas phase reaction but with a
different rate constant. This 1s necessary to take into
account the reactant depletion due to the gas phase
consumption. It 1 observed that in the RPECVD process,
hardly no particle formed n the gas phase falls onto the
film. 1t 1s known’ that ar high temperawre (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 573 K and 753 K. particle size 1s
probably smaller because the reaction rate is less fast and
because the particles do not agplomerate while they stay i




the furnace. These smiall size particles are then carried
away by the gas flow. The depletion due 1o the
consumption of the reactive species in gas phase is weak
enaugh to ensure a deposition rate of a few micrometer per
hour. Nevertheless, this depletion is not negligible, Indeed,
this phenomenon explans how the deposition rate on the

substrate can remain constant with a temperature change of

about & hundred degrees as it will be presented hercafter.

Therelore, two simple coupled chemical reactions are

asstmed for consumplion of gaseous precursors.

Gias pligse and suwrface reactions can'be written as follows :
k.\ﬂ\'

(4) ZrCl, + 2H,0 —» ZrO, +4HCl

where k,, is the rate constant for surlace or gas phase

reacuon The source werms of equations of continuity for A

and B are therefore due 1o the gas phase consumption:

& 1 _ PWya0 2
bw/u';J - ‘l\‘pmmu( )
- H20
(™) .
§ a2k PYscs (PDyp0)”
“CulHI0 T =Ny
Myeqe ™ 120
The grosvth rate is then defined by :
. y e M;’n’J.‘ T =
1) A M
Pz

where J o, s the molar flux of ZrCl, and 1, the normal

Lo the surlace.

43 BOUNDARY CONDITIONS

The surface reactions were treated as boundary conditions.
Ihe (Oz) velocnty component v, 15 assumed 1o be zero on
the walls parallel to (Oz) and v, on those paralle] 1o (Oy).
Azumuthal distribution of Ar-ZrCly nixwire is assumed 1o
be uniform. Furthermore, low substrate rotation ensures
azsmutiel deposition rate uniformity.

Spectes i the plasma are dissociated and recombine m the

pust-discharge to synthesize water. The parual pressure ot

vater was determined by mass  spectrometry

measurement is given in™!, The inlet flow rate of H:0 1s
taken equal to 15 scem in the plasma conditions herein
mentioned.

Temperatures are all measured, except for the inuer and
outer surfaces of the separating tube. The estimation of
these temperatures has been achieved by considering that
temperature of the quartz tube is equal to that of the
furnace wall [ocated at the same distance (same z as
defined in figure 1). A complete calculation considering
the quartz tube as a heat exchanger wall is available in'>!
and show that this assumption is valid.

44CALCULATION DATA

Transport properties are estimated by considering all the
species as very diluted in argon. Kinetics constants of
reactions (4) are taken from™. Each constant is given by
an Arrhenius law :

k. =k, exp(-E, ./ RT)

For (he surface reaction and the volume reaction, values
die

k', =2.71x10" m" mol” s, E, =40 810 J mol-!

k' =1.32x10" m" mol™ 5™, E, =88 570 ] mol-!
Compuiational mesh is cylindrical. It s 28x180 cells in r
and z directions for [4 and 450 mm respectively. The
funnel grud is approximated by 16x18 cells in r and z
directions forming small steps.

[ncorporating  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 5 lor
the presentation of results (fig. 3 to 6).

5. RESULTS AND DISCUSSION

S.ATEMPERATURES AND VELOCITIES DISTRI-
BUTION

Ata furnace temperature of 753K, this temperature being
that of the isothermal zoue, temperatures distribution in the
teactor 15 recorded in figure 3.

measuremenms. - The  complete  deserniption  of  this
T e wly
TIIK
=
Foatles 743 K
e

Substr e mmer wall

Figure 3 : Temperature distribution at o furnace temperature of 753K in conditions of table 1. Isolines are every 10 K.
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The post-cischarge mixture and the Ar-ZrCl; mixture are temperature gradient of about 20 degrees occurs inside the

heated while flowing in the separating tube. The later substrate. This means that, over a distance of several
reaches 733 K before entering the substrate whereas it is centimeters, the pas phase reaction occurs at a lower
not the case of the former, its flow rate being too high. temperature than that of the furnace wall.

Theretore. the mixture of both gases in the funnel leads to Veloeities of the gases are depicted in figure 4.

e coolmg of ihe Ar-ZrCly muxture, and a radial
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Figure 41 Velocity distribution in the mixing-zone of Ar-ZrCly with the post-discharge in conditions of table 1.

Flow 1s assumed to be laminar regardless of conditions mass [raction of ZrCl, (figure 5-b). ln this figure, the mass
(Re=150}. The flow rate is high enough te avoid any fractions are given in a limited range because values
recireuliation in the mixing-zone of the post-discharge with outside this range varnations are of little interest. Water
sases {lowing from the chlorination chamber. ZrCly is mass fractions are given in figure 5-a. The role of the
essentally convected, in reference conditions, 1o the wull funnel that was expected to constrain gases inside the
of the funnel, This can be observed by considering the substrate is reached actually.
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Figure 5 : ZrCl, and H,;O mass fraction distributions in the mixing-zone of Ar-ZrCl, with the post-discharge in
reference conditions (isolines for H,O are every 0.00067, only values in the range [0.00067-0.00667| are given, isolines
for ZrClyare every 0.00232, only values in the range [0.00232-0.0232] are given)

validate this result. A careful look at this curve permits 10

SZINFLUENCE OF MAIN PROCESS PARAME- see a change of the slope at the transition between the cone
TERS ON DEPOSITION PROFILES and the plane before the substrate. In other cases, this part
The experimental profiles of deposition rates at 673 K and af the curve is no longer depicted.

733 K (ligures 6-b, 6-¢) are nearly identical (figure 5), One way to explain deposition rate remains unchanged
Buth curves exhibit a maximum. The ascending part of the while the temperature of the furnace decreases 1s by gas
profiles is due to the mixing of Ar-ZrCly with Ar-H.O. The phase reaction. Deposition rate depends on temperature,
descending part is conversely due 1o reactive species but also on reaclive species concentration. Therefore,
consumption. On the funnel wall (figure 6-c). ZrO, clfect of kinetic constant decrease (duc 1o lower
deposition alse vccurs. Theoretical caleulation weluding temperatures) can be explained by concentration increase
depusition on the funnel wall leads to the curve (¢) in (due to lower gas phase consumption) leading to constam

. ; I e ST [ R B -
bgure O bul no expenmentul measurements were done tw deposition rate profiles™. The good agreement between
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experimental results and calculated curves show that this
deseniption is probably valid.

For lower temperature (573 K), the deposition rate profile
changes und the average rate increases (Ligure 6-a),

(a)

Deposition rate (pm/h)

Deposition rate (pm/h)

Z (cm)

! (c)
Funnel : Substrate
25 :

Deposition rate (pm/h)

-2 10
z (cmj

Deposition rate (pm/h)

Calculanons and experimental results are no longer
satisfying. This means that the increase of the average
deposition rate can not be attributed to the correlated
elfects of surface and gas phase reactions.

(d)
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Figure 0 @ Experimental (solid lines) and calculated (dotted lines) deposition rates versus location on the substrate in
conditions of table 1 at (a) + 373 K, (b) : 673K, (¢) : 753K, (d) Q(ZrCly)=2scem, T=753 K, (¢) : Q(Ar in the additional
linej=Uscem, T=733 K, () : Q(Ar in the additional line)=0, 600 and 2100 scem, T=753 K. Deposition rate are given

within the [ollowing error range : £ 5%,

A oanteresting hypothesis is the evolution that can be
expected ol the layer density. The shape of the layer's
colinns depends on the temiperature and so the density.
e difference observed between the calculauon and the
expuenimental result at 373 K ois probubly due to o decrease
of the layer density. As explained above, the averaye
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diameter of a single crysial varies versus the temperature
indeed. Furthermore, as the layer thickens, the divergence
of the column induces an increase of the porosity. It 1s
probably for this reason that the deposition rate strongly
decreases in the first centimeters.




Influence of the flow rate of ZrCly (figure 6-d) was
determined, Dividing the chlorine flow rare by two leads to
a decrease of the deposition rate by also a factor two, as
tlus could be expected.

One way W obtain constunt deposition rate over z is o
merease the flow rate of argon carrying ZrCly, e, the
argon flow rate in the addinenal line. which implies a
dilutron effect but also results in a better distribution over z
ot ZrCly. Nevertheless, ZrCly convected to the finnel wall
when argon flow rate is low, 18 available to react on the
substrare, which offsets partially the dilution effect w give
deposition rate still around 10pm/h. When the flow rate of
argon carrying ZrCly 1s ancreased from 0 (fgure 6-¢) to
000 scem {(figure 6-¢), the deposition profile s flattened
and the maximum posttion s shghily shifted.

Computer calculations show that deposinon rate should be
constant over 20 cenumeters with a flow rate of argon in
the addinonal line close to 2100 scem (figure 6-1). In the
experunental configuradons studied, flat profiles could not
e obtained with flow rates below 1400 scem, re. the
maximal flow rate available with the mass flow meters
used here. New experniments will be carried out to check
that almwost constant deposition rate can be obtained m the
cotichrions predicted by the model.

Temperaure decrcase leads also, in theory, to constant
deposition rate, when surface reaction becomes rate
g, but the swuctre of the layer s changed.
[ncreasimg the Now rate of argon in the Ar-ZrCly mixture is
ulso preferred o ZrCle flow rate  increase because
culculations have demonstrated that very high chlorine
flow rates should be used 10 reach constant deposition rate,

6. CONCLUSION

Treatment inside hollow substrates are possible by the
CN'D process herein described.  Influence of the main
parameters which do not affect plasma characteristics 18
described. A 2D hydrodynamic and chenmical model of the
chemical vapor deposition process is provided for given
plasma parameters. This approach 1s very useful in its
dbility to describe a simple ‘macroscopic deposition
mechanism: Consumpnion of reactive species by gas phase
fedenon is taken into account. The gas disuwibution and
depositon rate homogeneity over length are improved by
mcreasing the velocity ofargon in the Ar-ZrCly muxiure.
These fndings should stumulate Tutire work that will focus
an plasma analysis 1w link plasma processes with ransport
phenomena and water synthesis. The future discussion of
rate controlling steps involved in the process should also
be considered.
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