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POWDER FOR COATING AN ETCH CHAMBER

Technical field

The invention relates to a powder suitable for dé&mm by plasma, to a process for
manufacturing such powder, and to a coating obdalme plasma spraying of said powder,

more particularly for a semiconductor etch chandoating.

Prior art

The internal surfaces of the chambers used to t(Eat example by plasma etch)
semiconductors, silicon wafers for example, areveationally protected with a ceramic
coating which is applied by plasma spraying. Thiating needs to have high resistance to
halogen-comprising plasmas or highly corrosive emments. Plasma spraying requires, as a
feed powder, a powder which exhibits high fluidatyd a particle morphology which allows
for appropriate heating during spraying. More paitrly, the size of the particles must be

sufficient for the particles to penetrate the plasand for limiting the evaporation losses.

For example, the very fine powders obtained diyelayl pyrolytic or chemical manufacturing
processes are not suitable for plasma sprayingowtthn additional step of consolidation to
form more large (and porous) agglomerates, moracparly sintered agglomerates. Since
plasma spraying does not result in the meltingliofh@ agglomerates, the resulting coating
exhibits porosity. The total porosity of the cogtimbtained by spraying of sintered
agglomerates is typically 2-3%, which would not dggropriate for protecting the internal
surfaces of a semiconductor etching chamber. Masicplarly, the sintered powders
described in US 6,916,534, US 2007/077363 or UB/A12873 are unable to lead to a very
dense coating by thermal spraying. Moreover, thatiegs obtained from porous
agglomerates result, over time, in the releaseadigbes when they are exposed to corrosive

environments.

US 7,931,836 or US 2011/0129399 disclose a panpioleder resulting from plasma melting
to form liquid droplets which solidify in free falln some embodiments, more than 90% of
the particles of starting material may be compjetsl partially converted into liquid form.

The bulk density of the resulting powder is betwéehand 2.2 g/cth

In the application cited above, the powders obthibg grinding a melted mass are not
appropriate either, because of impurities whichaalded during the grinding step.

Rare earth metal oxides and/or hafnium oxide angitaum-aluminum oxides are known to

exhibit high intrinsic resistance to chemical dttatlowever, they have a high melting
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temperature and low thermal diffusion. It is therefdifficult to obtain a very dense coating

from these patrticles by plasma spraying.

To solve these problems, WO 2014/083544 descriljgsnaer of particles, more than 95%
by number of said particles exhibiting a circubardgf greater than or equal to 0.85, said
powder comprising more than 99.8% of a rare eamrtftahoxide and/or of hafnium oxide
and/or of an aluminum oxide, as percentage by massd on the oxides, and having:
- a medium particle size 9 of between 10 and 40 microns and a size dispersion
index relative to By, (Dgo — D10)/Dso, Of less than 3;
- a percentage by number of particles having a sidzess than or equal to 5 um
which is less than 5%;
- a bulk density dispersion index«p— P)/P of less than 0.2,
the cumulative specific volume of the pores hawangdius of less than 1 um being less than
10% of the bulk volume of the powder,
in which the percentiles [Dof the powder are the particle sizes correspondmghe
percentages, by number, of n%, on the cumulatiwtrilution curve of the size of the
particles in the powder, the particle sizes beiagsified by increasing order,
the density B, being the bulk density of the fraction of the e having a size of less than
or equal to 3y, and the density P being the bulk density of theqer.

This powder can be efficiently sprayed by plasmdh & high productivity, and leads to a

very pure and extremely dense coating.

There is nevertheless an ongoing need for a sechicbor etch chamber coating that exhibits

increased erosion resistance and a reduced nurhbefeats.

It is an aim of the invention to meet this needle/hetaining the advantages of the powder of
WO 2014/083544.

Summary of theinvention

With this aim, the invention provides a powder @uweafter "feed powder”) of melted
particles (hereinafter "feed particles™), more ti®&96 by number of said particles exhibiting
a circularity of greater than or equal to 0.85dgaowder comprising more than 99.8% of a
rare earth metal oxide, for example of,¥g or Y,0Os3, and/or of hafnium oxide and/or of an
aluminum oxide, as percentage by mass based axithes, and having:
- a median particle sizespof less than 15 um, a 90 percentile of the partsizes,
Dgo, Of less than 30 um, and a size dispersion indkixtive to the 10 percentile of

the particle sizes, {3, (Dgo — Dig)/D1o, Of less than 2;
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- arelative density of greater than 90%, preferaipbater than 95%,
the cumulative specific volume of the pores havagadius of less than 1 um being
preferably less than 10% of the bulk volume ofgbevder.
A feed powder according to the invention is therefa very pure powder, composed in large
part of spherical particles. This powder is notafere particularly for the very low size
dispersion of the patrticles, relative tqoDthe small amount of particles having a size of

greater than 30 um, and for a very high relativesds.

This latter feature implies a very low, or even&ahtially zero, amount of hollow patrticles.
The patrticle size distribution ensures very unifenlting during spraying.

Lastly, a feed powder according to the inventiohileits a high flowability, hence allowing

the coating to be manufactured without a complaté¢ed device.

In the present invention, the term "oxide" may ud the simple oxide but also a more
complex oxide such as oxyfluoride, an example bgttrgum or ytterbium oxyfluoride.

A feed powder in accordance with the invention nadso comprise one or more of the

following optional features:

- more than 95%, preferably more than 99%, preferabye than 99.5% by number of
said particles have a circularity of greater thaequal to 0.87, preferably greater than or
equal to 0.90;

- the powder comprises more than 99.9%, more thaB50%, more than 99.990%,
preferably more than 99.999% of a rare earth noetiale and/or of hafnium oxide and/or
of an aluminum oxide, more particularly of YAG; tlaenount of the other oxides is
therefore so low that it cannot have a significgiifiect on the results obtained with a feed
powder according to the invention;

- the oxides represent more than 98%, more than 88%e than 99.5%, more than 99.9%,
more than 99.95%, more than 99.985% or more th&998 of the mass of the powder;

- said rare earth metal is selected from the grousisting of scandium (Sc), yttrium (Y),
lanthanum (La), and lanthanides;
preferably, the rare earth metal is selected framuyn (Y), cerium (Ce), neodymium
(Nd), samarium (Sm), dysprosium (Dy), gadoliniund{Gerbium (Er), ytterbium (Yb),
and lutetium (Lu); preferably, said rare earth rhistgttrium;

- the aluminum oxide is an yttrium-aluminum oxide @msite, preferably YAG (yttrium-
aluminum garnet ¥AlsO;,, comprising approximately 58% by mass of yttriumide)
and/or YAP (yttrium-aluminum perovskite, comprisiagproximately 68.9% by mass of
yttrium oxide);
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the percentage by number of particles having a efzkess than or equal to 5 um is
greater than 5%, preferably greater than 10%;

the percentage by number of particles having aaizgeater than or equal to 0.5 um is
greater than 10%;

the median size of the particless(Pin the powder is greater than 0.5 um, preferably
greater than 1 um, or even greater than 2 um, ate®than 13 um, preferably less than
12 pum, preferably less than 10 um or less than 8 um

the 10 percentile () of the particle sizes is greater than 0.1 pmiepably greater than
0.5 um, preferably greater than 1 um, or else gréhain 2 um;

the 90 percentile (§) of the particle sizes is less than 25 um, prélgrizss than 20 pum,
preferably less than 15 pum;

the 99.5 percentile {95 of the particle sizes is less than 40 um, préfgréess than
30 pum;

the size dispersion index §PDig)/Dio is preferably less than 1.5; this results
advantageously in a superior coating density;

preferably, the powder exhibits a monomodal patglke dispersion, in other words a
single main peak;

the powder comprises, as percentage by mass based @xides, more than 99.8% of
Yb,03 and/or .03 and/or YAlsO;, and/or of an yttrium oxyfluoride, preferably ofeth
formula Ya.OuF in which a is equal to 1, b is between 0.7 anddndl c is between 1 and
1.5, preferably an oxyfluoride selected from YORd arsO4F; or a mixture of these
oxyfluorides;

the cumulative specific volume of the pores withadius of less than 1 um is less than
8%, preferably less than 6%, preferably less tian freferably less than 4%, preferably
less than 3.5% of the bulk volume of the powder;

the specific surface area of the feed powder isepbly less than 0.4 m2/g, preferably

less than 0.3 m3/g.

The invention further concerns a process for manufang a feed powder according to the

invention, comprising the following successive step

a) granulating a particulate charge so as to obtgraaule powder having a median size
D'so of between 20 and 60 microns, the particulate ggharomprising more than
99.8% of a rare earth metal oxide and/or of hafnmide and/or of an aluminum
oxide, as percentage by mass based on the oxides;

b) injecting said granule powder, via a carrier gagyugh at least one injection orifice to

a plasma jet generated by a plasma gun, under taomsliwhich give rise to the
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bursting before melting of more than 50%, preferabbre than 60%, preferably more
than 70%, preferably more than 80%, preferably mbesm 90% by number of the
granules injected, as percentage by number, thdtngméhe granules and pieces of
granules so as to obtain droplets;

c) cooling said droplets, so as to obtain a feed powdeording to the invention;

d) optionally, performing particle size selection, ferably by sieving or by pneumatic

classification, on said feed powder.

In step b), the injection conditions are differémm those described in WO 2014/083544,

which, on page 14, recommends gentle injectiotifuting the risks of bursting.

The forceful injection of the powder has the adagebus effect of allowing simultaneously a
reduction in the median size of the feed powder ameduction in the proportion of hollow

particles. It so makes it possible to obtain a \regh relative density.

Preferably, the plasma gun has a power of grelager 40 kW, preferably greater than 50 kW
and/or less than 65 kW, preferably les than 60 kW.

Preferably, the plasma gun has a power of betw8eon 65 KW and the ratio of the quantity
by mass of granules injected via injection orifipegferably by each injection orifice, to the
surface area of said injection orifice is greakamt 10, preferably greater than 15, preferably
greater than 16, preferably greater than or equal7tg/min per mmz2 of surface area of said

injection orifice.

The injection orifice, preferably each injectionfice, consists preferably of a channel with a
length greater than one time, preferably two tinoeven 3 times the equivalent diameter of

said injection orifice.

Preferably, the flow rate of the granule powdeeat¢d is less than 2.4, preferably less than

2.0 g/min per KW of power of the plasma gun.

There is no intermediate sintering step, and pablgrno consolidation between steps a) and
b). This absence of an intermediate consolidatitap das the advantageous effect of
improving the purity of the feed powder. It alsaiféiates the bursting of the granules in step
b).

A process for manufacturing a powder accordingh®ihvention may also comprise one or

more of the following optional features:

- in step a), the granulation is preferably a procaflsstomization or spray drying or

pelletization (conversion into pellets);
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in step a), the mineral composition of the gramogvder comprises more than 99.9%,
more than 99.95%, more than 99.99%, preferably ritae 99.999%, of an oxide of a
rare earth metal and/or of hafnium oxide and/omloiminum oxide, as percentage by
mass based on the oxides;

The median circularity £ of the granule powder is preferably greater tha850
preferably greater than 0.90, preferably greatantf.95, and more preferably greater
than 0.96;

the 5 circularity percentile of the granule powdey, is preferably greater than or equal
to 0.85, preferably greater than or equal to 0.90;

the median aspect ratiosfAof the granule powder is preferably greater tharb0
preferably greater than 0,8;

The specific surface area of the granule powdpragerably less than 15 m?/g, preferably
less than 10 m?/g, preferably less than 8 m?/depaibly less than 7 m#/qg;

the cumulative volume of the pores having a radifidess than 1 um, measured by
mercury porosimetry, of the granule powder is pafy less than 0.5 city, preferably
less than 0.4 cffg or else preferably less than 0.3%@n

the bulk density of the granule power is preferaptgater than 0.5 g/cinpreferably
greater than 0.7 g/cin preferably greater than 0.90 gfcnpreferably greater than
0.95 g/cmi, preferably less than 1.5 g/énpreferably less than 1.3 g/énpreferably less
than 1.1 g/criy

the 10 percentile (k) of the particle sizes of the granule powder isfgnably greater
than 10 um, preferably greater than 15 um, prefgigieater than 20 um;

the 90 percentile (k) of the particle sizes of the granule powder efgnably less than
90 um, preferably less than 80 um, preferably kss 70 um, preferably less than
65 um;

the granule powder preferably has a median siggobbetween 20 and 60 microns;

the granule powder preferably has a percentilg @'between 20 and 25 um and gD
of between 60 and 65 pm;

the 99.5 percentile (B'5) of the particle sizes of the granule powder isfenably less
than 100 um, preferably less than 80 um, preferalslythan 75 um;

the size dispersion index relative tosD'(D'so — D'10) / D'so, Of the granule powder is
preferably less than 2, preferably less than Ir&fepably less than 1.2, more preferably
less than 1.1;

in step b), the diameter of each injection orifisdess than 2 mm, preferably less than

1.8 mm, preferably less than 1.7 mm, preferably than 1.6 mm;
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- in step b), the injection conditions are equivatenthose of a plasma gun having a power
of 40 to 65 kW and generating a plasma jet in whiah quantity by mass of granules
injected via an injection orifice, preferably viaah injection orifice, in g/min per nfof
the surface area of said injection orifice is geedhan 10 g/min per mm?, preferably
greater than 15 g/min per mmz?; by "equivalent” isamt "adapted such that the rate of
bursting of the granules (number of burst granoles number of granules injected) is
identical”;

- an injection orifice, preferably each injectionfime, defines an injection channel which
is preferably cylindrical, preferably circular iection, having a length at least one time,
preferably at least two times, or even three tigresiter than the equivalent diameter of
said injection orifice, the equivalent diameterrigethe diameter of a disk with the same
surface area as the injection orifice;

- in step b), the flow rate of granule powder is |#san 3 g/min, preferably less than
2 g/min, per kW of power of the plasma gun;

- the flow rate of the carrier gas (per injectionfiod (i.e., per "powder line")) is greater
than 5.5 |/min, preferably greater than 5.8 |/mpreferably greater than @/fnin,
preferably greater than 6.5 I/min, preferably geedhan 6.8 I/min, preferably greater
than 7.0 I/min;

- the granule powder is injected into the plasmajed feed rate of greater than 20 g/min,
preferably greater than 25 g/min, and/or less Gtag/min, preferably less than 50 g/min,
preferably less than 40 g/min, per injection ogfic

- the total feed rate of granules (cumulative forth# injection orifices) is greater than
70 g/min, preferably greater than 80 g/min, andpoeferably less than 180 g/min,
preferably less than 140 g/min, preferably lessnti20 g/min, preferably less than
100 g/min;

- preferably, in step c), the cooling of the moltenpdets is such that, up to 500°C, the
mean cooling rate is between 50 000 and 200 00P{eéferably between 80 000 and
150 000°C/s.

The invention likewise concerns a thermal sprayimgcess comprising a step of plasma
spraying of a feed powder according to the inventio a substrate in order to obtain a

coating.

The invention likewise concerns a body comprisirgyibstrate and a coating at least partially
covering said substrate, said coating comprisingentioan 99.8% of a rare earth metal oxide
and/or of hafnium oxide and/or an aluminum oxide,p&rcentage by mass based on the
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oxides, and exhibiting a porosity of less than quad to 1.5%, said porosity being measured
on a photograph of a polished section of said ngatas described below. Preferably, the

porosity of the coating is less than 1%.

Preferably, the coating comprises more than 99:9%re than 99.95%, more than 99.97%,
more than 99.98%, more than 99.99%, preferably rfzaa 99.999% of a rare earth metal
oxide and/or of hafnium oxide and/or of an aluminoxide, as percentage by mass based on

the oxides.

A coating of this kind may be manufactured withhartnal spraying process according to the

invention.

The substrate may be a wall of an oven used irtrde@ment of semiconductors, and more

particularly the wall of a plasma etch chamber.

The oven may contain semiconductors, more partigukalicon wafers. The oven may be
equipped with chemical vapor deposition (CVD) meanswith physical vapor deposition
(PVD) means.

Definitions

- The "impurities" are the unavoidable constituentsciv are unintentionally and
necessarily introduced with the starting materalsesult from reactions between
the constituents. The impurities are not necessangtituents but only tolerated
constituents. The level of purity is preferably m@@d by GDMS (glow discharge
mass spectroscopy) which is more precise than IEB-Anductively coupled

plasma -atomic emission spectrometry).

- The "circularity" of the particles of a powder igpically determined as follows:
the powder is dispersed on a flat glass. The imaféise individual particles are
obtained by scanning the dispersed powder undevpainal microscope, while
keeping the particles in focus, the powder beihgninated from the underside of
the glass. These images can be analyzed using phelogf G3 instrument, sold

by Malvern.

As represented in figure 4, to evaluate the "caaoty" C of a particle P', a
determination is made of the perimetgrd® the disk D having an area equal to the
area A of the particle P', on an image of this partiodso determined is the

perimeter B of this particle. The circularity is equal to tihatio R/P,. Hence
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C:T. The more elongated the shape of the patrticle, Itheer the
P

circularity. This procedure is also described bg tlser manual for the Sysmex
FPIA 3000 (see "detailed specification sheets"watwynalvern.co.uk).

To determine a percentile of circularity (describeereinafter), the powder is
poured onto a flat glass and observed as explahede. The number of particles
counted should be greater than 250 so that thepiie measured is substantially

identical whichever way the powder is poured oherdlass.

The aspect ratio A of a particle is defined asrtte of the width of the particle
(its greatest dimension perpendicular to the divecdf its length) to its length (its

greatest dimension).

To determine a percentile of aspect ratio, the mrwalpoured onto a flat glass and
observed as explained above, for measuring thetHengnd the widths of the
particles. The number of particles counted sho@dyteater than 250 so that the
percentile measured is substantially identical Wwéner the way in which the

powder is poured on the glass.

The 10 (Mg), 50 (Msg), 90 (Myo), and 99.5 (Mg5), and more generally "n" M
percentiles or "centiles" of a property M of thetmdes of a particle powder are
the values of this property for the percentagesntmymber, of 10%, 50%, 90%,
99.5%, and n%, respectively, on the cumulativeriistion curve relating to this
property of the particles in the powder, with thedues relating to this property
being classified by increasing order. More paraclyl the percentiles P(or D,

for the granule powder), Aand G relate to the size, the aspect ratio, and the

circularity, respectively.

For example, 10% by number of the particles inpbeder have a size of less than
D10, and 90% of the particles by number have a sizgester than or equal to,§
The percentiles relating to the size may be detegthby means of a particle size

distribution produced by means of a laser parscer.

Similarly, 5% by number of particles in the powd@wve a circularity less than the
percentile G. In other words, 95% by number of particles irsthowder have a

circularity greater than or equal t@.C

The 50 percentile is conventionally called the "raatl percentile. For example,
Cso is typically called "median circularity". Similasl the percentile B is
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typically called "median size". The percentilgpAalso refers typically to the

"median aspect ratio".

"Size of a particle" refers to the size of a givearticle conventionally by a
characterization of particle size distribution tisatarried out with a laser particle
sizer. The laser particle sizer used may be ad@ath-950 from HORIBA.

The percentage or the fraction by number of pagitiaving a size of less than or
equal to a determined maximum size may be deterdnine means of a laser

particle sizer.

The cumulative specific volume of the pores withradlius of less than 1 um,
expressed as ciig powder, is typically measured by mercury porasim in
accordance with standard 1ISO 15901-1. It may besored with Micromeritics

porosimeter.

The bulk volume of powder, expressed in*gnis the inverse of the bulk density

of the powder.

The "bulk density" P of a particle powder is typigalefined as the ratio of the
mass of the powder divided by the sum of the bukimes of said particles. In
practice, it may be measured with a Micromeriticgogimeter at a pressure of
200 MPa.

The "relative density” of a powder is equal tobtdk density divided by its real

density. The real density may be measured by hghyecnometry.

The "porosity" of a coating may be evaluated bylyag images of a polished
cross section of the coating. The coated subsisatectioned using a laboratory
cutter, for example using a Struers Discotom dewiitk an alumina-based cutting
disk. The sample of the coating is then mounted nesin, for example using a
cold mounting resin of the Struers Durocit type.eTimounted sample is then
polished using polishing media of increasing firmneUse may be made of
abrasive paper or, preferably, of polishing diskthvan appropriate polishing
suspension. A conventional polishing proceduretstaith the dressing of the
sample (for example with a Struers Piano 220 abeadisk), then by changing the
polishing cloths associated with the abrasive susipes. The size of abrasive
grains is reduced at each fine polishing step, thi¢hsize of the diamond abrasives
beginning, for example, at 9 microns, then at 3rams, finishing at 1 micron

(Struers DiaPro series). For each size of abragiam, the polishing is halted as
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soon as the porosity observed under an opticalostope remains constant. The
samples are carefully cleaned between the stepts,water, for example. A final
polishing step, after the 1 um diamond polishirgpsis carried out by means of
colloidal silica (OP-U Struers, 0.Qdm) in combination with a soft felt cloth. After
the cleaning, the polished sample is ready for mfasen with an optical
microscope or with an SEM (scanning electron mioopg). Owing to its superior
resolution and notable contrast, the SEM is pretefor the production of images
intended for analysis. The porosity may be deteechitom the images by using
image analysis software (for example, ImageJ, Nith the thresholding being
adjusted. The porosity is given as a percentagihefsurface area of the cross

section of the coating.

The "specific surface area" is conventionally meaguby the BET (Brunauer
Emmet Teller) method, as described in tloerrnal of the American Chemical
Society 60 (1938), pages 309 to 316.

The "granulating” operation is a process for agg@tion of particles by means
of a binder, a binder polymer for example, to faxgglomerated particles, which
may possibly be granules. The granulation comprisesre particularly, the
atomization or spray drying and/or the use of angi@or or of a pelletizing
apparatus, but is not limited to these processggicdlly, the binder comprises

substantially no oxides.
A "granule" is an agglomerated particle havingrawudarity of 0.8 or more.

A consolidation step is an operation which is idieh to replace, in the granules,
the bonds due to organic binders with diffusiondsnit is generally carried out

by a heat treatment, but without complete meltihthe granules.

The "deposition yield" of a plasma spraying processlefined as the ratio, as
percentage by mass, of the amount of material deplosn the substrate divided

by the amount of feed powder injected into the plaget.

The "spraying productivity" is defined as the amooinmaterial deposited per unit

time.

The flow rates in I/min are "standard”, meaningttheey are measured at a

temperature of 20°C under a pressure of 1 bar.

"Comprising"” should be understood non-limitativaipless otherwise indicated.
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- Unless otherwise indicated, all of the composifi@ncentages are percentages by

mass based on the mass of the oxides.

- The properties of the powder may be evaluated byctiaracterization methods

used in the examples.

Brief description of thefiqures

Other features and advantages of the inventionemilérge more clearly from the reading of
the description which is to follow and the examioatof the appended drawings, in which:
- figure 1 represents schematically step a) of agg®according to the invention;
- figure 2 represents schematically a plasma torcim@nufacturing a feed powder
according to the invention;
- figure 3 represents schematically a process forufaaturing a feed powder
according to the invention;

- figure 4 illustrates the technique used to evaltiaecircularity of a particle.

Detailed description

Process for manufacturing a feed powder

Figure 1 illustrates one embodimentstdp a) of a process for manufacturing a feed powder

according to the invention.

Any known granulation process may be used. Mor¢iquéarly, the skilled person knows

how to prepare a slip suitable for granulation.

In one embodiment, a binder mixture is preparedcattging PVA (polyvinyl alcohol) 2 to
deionized water 4. This binder mixture 6 is thétefed through a 5 um filter 8. A particulate
charge consisting of powdered yttrium oxide 10 Kwat purity, for example, of 99.99%)
having a medium size of 1 um is mixed into thesfdd binder mixture to form a slip 12. The
slip may comprise by mass, for example, 55% ofiwtir oxide and 0.55% of PVA, the
balance to 100% being made up of water. This slimjected into an atomizer 14 to give a
granular powder 16. The skilled person knows howadapt the atomizer to obtain the desired

particle size distribution.

The granules are preferably agglomerates of pesticf an oxide material exhibiting a
medium size of preferably less than 3 um, prefgrédss than 2 um, preferably less than
1.5um.
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Preferably, to manufacture a feed powder in whiah particles comprise a mixed oxide or
oxyfluoride phase, for example yttrium or ytterbiwonyfluoride, or a YAG or YAP phase,
granules are used which preferably already comghisephase, these being, respectively,

granules formed of grains of yttrium or ytterbiumyfiuoride, YAG or YAP.

The granule powder may be sieved (5 mm sieve II8example) to remove the possible

presence of residues which have fallen from thésvadithe atomizer.
The resulting powder 20 is a “spray-dried only (9D@anule powder.

Figures 2 and 3 illustrate one embodiment of thdtinge step b) of a process for
manufacturing a feed powder according to the ineent

An SDO granule powder 20, for example, as manufadtiby the process illustrated in
figure 1, is injected by an injector 21 into a phasjet 22 produced by a plasma gun 24, for
example, of a ProPlasma HP plasma torch. Convailtionection and plasma spraying
devices may be used, such as to mix the SDO gramweer with a carrier gas and to inject

the resulting mixture into the heart of the hotspha.

However, the granule powder injected need not bsadalated (SDO), and injection into the
plasma jet must be done vigorously, to promote @eabreaking. The force of the impacts
determines the intensity of bursting of the grasuénd hence the median size of the powder

manufactured.

The skilled person knows how to adapt the injecparameters for vigorous injection of the
granules such that the feed powder obtained aerldeof steps c) or d) has a patrticle size
distribution according to the invention.

More particularly, the skilled person is aware that
- an approximation to 90° of the angle of injectibbbetween the axis of injection of the
granules Y and the axis X of the plasma jet,
- anincrease in the flow rate of powder per Tuhsurface area of the injection orifice,
- areduction in the flow rate of powder, in g/miey W of power of the gun, and
- anincrease in the flow rate of the plasma-forngag
are factors which promote the breaking of the giesiu

More particularly, W02014/083544 does not disclasgction parameters enabling the

breaking of more than 50% by number of granulesleasribed in the examples below.

It is preferable for the particles to be injecta@idly so as to disperse them in a very viscous
plasma jet which flows at a very high speed.
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When the granules injected come into contact whik plasma jet, they are subjected to
forceful impacts, which may break them into piedasorder to penetrate the plasma jet, the
unconsolidated, and more particularly unsinteredngles to be dispersed are injected with a
sufficiently high speed to benefit from a high Kineenergy, this speed, however, being
limited so as to ensure highly effective burstiibe absence of consolidation of the granules

reduces their mechanical strength and thereforergmstance to these impacts.

The skilled person is aware that the speed of dggans determined by the flow rate of the

carrier gas and the diameter of the injection ceifi

The speed of the plasma jet is also high. The flat® of plasma-forming gas is preferably
greater than the median value recommended by thstrootor of the torch for the anode
diameter selected. Preferably, the flow rate obpla-forming gas is greater than 50 I/min,

preferably greater than 55 I/min.

The skilled person is aware that the speed of thenga jet may be increased using a small-

diameter anode and/or by raising the flow ratéhefgrimary gas.

Preferably, the flow rate of the primary gas isagee than 40 I/min, preferably greater than
45 I/min.

Preferably, the ratio between the flow rate of selewy gas, preferably dihydrogen,jHand
the flow rate of plasma-forming gas (composed & frimary and secondary gases) is
between 20% and 25%.

Of course, the energy of the plasma jet, influenpadicularly by the flow rate of the
secondary gas, must be sufficiently high to cabsegtanules to melt.

The granule powder is injected with a carrier gasferably without any liquid.

In the plasma jet 22, the granules are melted ¢pldts 25. The plasma gun is preferably
regulated so that the melting is substantially cletep

An advantageous effect of the melting is to redhedevel of impurities.

On their exit from the hot zone of the plasma b droplets are rapidly cooled by the
surrounding cold air, but also by forced circulat6 of a cooling gas, preferably air. The air

advantageously limits the reducing effect of thdrogen.

The plasma torch preferably comprises at leastnmaele arranged so as to inject a cooling
fluid, preferably air, so as to cool the drople¢suiting from the heating of the granule
powder injected into the plasma jet. The coolingdflis preferably injected to downstream of

the plasma jet (as represented in figure 2), ardatigley between the path of said droplets
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and the path of the cooling fluid is preferablyslésan or equal to 80°, preferably less than or
equal to 60° and/or greater than or equal to 1@&fepably greater than or equal to 20°,
preferably greater than or equal to 30°. Preferably axis of injection Y of any nozzle and

the axis X of the plasma jet are secant.

Preferably, the angle of injectidnbetween the axis of injection Y and the axis Xh&f plasma
jet is greater than 85°, and preferably is appraxaty 90°.

Preferably, the forced cooling is generated by ssembly of nozzles 28 positioned around
the axis X of the plasma jet 22, such as to craasabstantially conical or annular flow of

cooling gas.

The plasma gun 24 is oriented vertically toward gheund. Preferably, the anglebetween
the vertical and the axis X of the plasma jet ssléhan 30°, less than 20°, less than 10°,
preferably less than 5°, preferably substantiadiyoz Advantageously, the flow of cooling gas

is therefore perfectly centered with respect toakis X of the plasma jet.

Preferably, the minimum distanckbetween the outer surface of the anode and thingoo
zone (where the droplets come into contact withinfected cooling fluid) is between 50 mm
and 400 mm, preferably between 100 mm and 300 mm.

Advantageously, the forced cooling limits the gatien of secondaries, resulting from the
contact between very large, hot particles and spaaticles in suspension in the densification
chamber 32. Moreover, a cooling operation of timgllenables a reduction in the overall size
of the treatment equipment, more particularly tlze sf the collecting chamber.

The cooling of the droplets 25 makes it possibletain feed particles 30, which can be

extracted in the lower part of the densificatioarctver 32.

The densification chamber may be connected to brgc34, the exhaust gases from which
are directed to a dust collector 36, so as to s¢paff very fine particles 40. Depending on
configuration, some feed patrticles in accordandé wie invention may also be collected in
the cyclone. Preferably, these feed particles easeparated off, more particularly with an air

separator.

The collected feed particles 38 may when appropiat filtered, so that the median sizg D

is less than 15 microns.

Table 1 below provides the preferred parametersnfmnufacturing a feed powder according

to the invention.
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The features of a column are preferably, but naessarily, combined. The features of the

two columns may also be combined.

The “ProPlasmaHP” plasma torch is sold by Saintd&BolCoating Solutions. This torch
corresponds to the torch T1 described in WO201@/203
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Step b)

Preferred features

Even more preferred features

High-performance gun with
low wear (for treating the

Gun powder without contaminating ProPlasma HP gun

it)
Anode Diameter > 7 mm HP8 anode (diameter of 8 mn
Cathode Doped tungsten cathode ProPlasma cathode
Gas injector Par_tla_lly radla_d Injection ProPlasma HP setup

(swirling gas injection)
Current 500-700 A 650 A

> 50 kW, preferably
Power > 40 kW approximately 54 kW
Nature of primary gas Ar or N Ar
. > 40 I/min, preferably :

Flow rate of primary gas > 45 I/min 50 I/min
Nature of secondary gas oH H,

Flow rate of secondary gas

> 20 vol% of the plasma-
forming gas mixture

25 vol% of the plasma-forming
gas mixture

I njection of the granule powder

Total flow rate of powder injected
(g/min) <180 g/min < 100 g/min
(3 injection orifices)
Flow rate in g/min per kW of power| <5 <2

, L . <2 mm
Diameter of injection orifices (mm) preferably < 1.8 mm <1.5mm
Flow rate in g/min per mFro_f_ > 10 > 15 and < 20
surface area of injection orifice
Type of carrier gas ArorN Ar
Flow rate of carrier gas per injection> 6.0 I/min, :
orifice Preferably > 6.5 I/min 2 7.0 l/min
Injection angle relative to the X axig
of the plasma jet > 85° 90°
(anglef in figure 2)
Distance between an injection orlflce> 10 mm > 12 mm

and the axis X of the plasma jet

Cooling of thedroplets

Cooling parameters

Conical or annular air curtain, oriented in the detveam

direction of the plasma jet

Angley between the direction of
injection of the cooling fluid, from a

nozzle, and the axis X of the plasma_

In the downstream direction d
the plasma jet,

f

In the downstream direction of
the plasma jet 30° and < 60°

jet =10°
]:Il'lcjitéal flow rate of the forced cooling 10-70 Ni/h 35-50 Nni/h
Flow rate of the exhaust gas 100-700Wm 250-500 Nrith

Table 1
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Examples
The examples which follow are provided for purposéslliustration and do not limit the

scope of the invention.

The feed powders H1, 11 (comparative) and C1 (coatpe) were manufactured with a
plasma torch similar to the plasma torch showngareé 2 of W0O2014/083544, from a pure
Y .03 powder having a median sized®f 1.2 microns, measured with a Horiba laser plerti

analyzer, and a chemical purity of 99.999% DY

In step a), a binder mixture is prepared by adding PVA (poiyV alcohol) binder 2 (see
figure 1) to deionized water 4. This binder mixtigehen filtered through a 5 pum filter 8. The
yttrium oxide powder 10 is mixed into the filterbohder mixture to form a slip 12. The slip is
prepared so as to comprise, as percentage by Bt#&sof yttrium oxide and 0.55% of PVA,
the balance to 100% being deionized water. Theislimixed intensely using a high-shear
speed mixer.

The granules G3 are subsequently obtained by a#imizof the slip, using an atomizer 14.
More patrticularly, the slip is atomized in the chlmnof a GEA Niro SD 6.3 R atomizer, the
slip being introduced at a flow rate of approxinhat&38 I/min.

The speed of the rotating atomization wheel, drivgra Niro FS1 motor, is regulated to give
the target sizes of the granules 16 (G3).

The flow rate of air is adjusted to maintain thergriemperature at 295°C and the exit
temperature close to 125°C, such that the resichistane content of the granules is between
0.5% and 1%.

The granule powder is then sieved with a sievedl8ssto extract the residues from it and to

give an SDO granule powder 20.

In step b), the granules from step a) are injected into am&jet 22 (see figure 2) produced
with a plasma gun 24. The injection and meltingapaaters are given in table 2 below.

In step c), to cool the droplets, 7 Silvent 2021L nozzles &8d by Silvent, were fixed on a
Silvent 463 annular nozzle holder, sold by Silvéite nozzles 28 are spaced regularly along
the annular nozzle holder, so as to generate aasuladly conical flow of air.

The collection yield of the collected feed part&cld8 is the ratio of the amount of feed
particles collected to the total amount of granimgscted into the plasma jet.
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Treatment of the powder

Dried by sprayifigplasma spraying

Granules (particles obtained after spray drying)

Granule reference

G3

Type of granules

Spray-dried yttrium oxide powder

Granules By (Lm) 23.4
Granules [, (Lm) 39.0
Granules I3 (Lm) 63.0
Mean bulk density 1.05
Step b): injection
Feed rate of granules 120 g/min 90 g/min
Flow rate in g/min per KW of power of the gun 2.5 91
Number of injection orifices (powder lines) 3

Injection anglé relative to the axis X of the plasma jet (fig. 2)

80° in downstream dir.

90° (normal to the

jet)
Distance of each injector (radially from the axighe gun) 12 mm 14 mm 12 mm
Diameter of the injection orifice of each injector 2.0 mm 1.8 mm 1.5 mm
Flow rate of the argon carrier gas per injectiofiaa 3.5 I/min 6.0 I/min 7.0 I/min
Flow rate in g/min per mmz2 of injection orifice fare area 12.7 16 17
Step b): melting
Plasma gun ProPlasma HP
Diameter of the anode of the plasma gun 8 mm
Voltage (V) 74 83
Power (kW) 48 54
Plasma-forming gas mixture Ar + H,
Flow rate of the plasma-forming gas 48 I/min 67 I/min
Proportion of H (secondary gas) in the plasma-forming gas 25%
Nature of the primary gas Ar
Calculated flow rate of the primary gas 48 (100'53{,‘100% =36 50 I/min
Intensity of the plasma arc 650 A
Step ¢): cooling
Annular cooling nozzles 7 Silvent 2021L nozzles attached to Silvent 463
Total flow rate of cooling air Nrh) 0 42 42
Flow rate of air in the cyclone (N¥h) 650 350 650
Collection yield of feed particles 54% 20% 44%
Feed particles collected (feed powder)
Reference 11 Cl H1 (inventive)
Dio(um) 15.7 10.0 7.0
Dsg (Lm) 24.9 22.0 11.7
(Dgg-D1c)/ D1g 1.4 2.5 1.4
Fraction by numbeg: 37 um 10% 9% < 0.5%
Fraction by numbeg 30 um 27% 23% < 0.5%
Fraction by number 10um 1.8% 10.3% 33%
Fraction by number 5um 0.9% 5.1% 3%
Median circularity Gq 0.993 0.982 >0.85
Specific surface area (fg) 0.44 0.57 0.26
Level of impurities measured by GDMS <150 ppm
Bulk density measured by mercury porosimetry atesgure of 3.5 KPa 2.37 2.53 Not measured
Calculated bulk density 0.47 0.50
EALIJDII; density measured by mercury porosimetry atresgure of 200 4.5 4.43 4.60
Calculated relative density in % 84 88 91
Cumulative pecific volume of the pores having a radius of &%
1 micron 13 7 11
102 cnt/g of the powder sample)

Table 2



10

20

The cumulative specific volume of the pores haangdius of less than 1 um in the
granules was 268 10° cnv/g.

The invention thus provides a feed powder havirgjza distribution and a relative
density which endow the coating with a very higmsiy. Furthermore, this feed
powder can be efficiently sprayed by plasma, withigh productivity.

The feed powder according to the invention so makpessible to produce coatings
having a smaller concentration of defects. Furtloeeenthe powder exhibits enhanced
flowability in relation to a powder of the sameesizhich has not been plasma-melted,

so enabling injection without a complex feed means.

The invention is of course not limited to the emiboehts described and shown.
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CLAIMS

1. A powder of melted particles, more than 95% by nembf said particles

exhibiting a circularity of greater than or equalt85, said powder comprising
more than 99.8% of a rare earth metal oxide amaf/bafnium oxide and/or of
an aluminum oxide, as percentage by mass basdweaxides, and having:
- a median particle sizespof less than 15 um, a 90 percentile of the particl
sizes, 3o, of less than 30 um, and a size dispersion in@gx € Dio)/D1o
of less than 2;
- arelative density of greater than 90%,
the D), percentiles of the powder being the particle szmsesponding to the
percentages, by number, of n%, on the cumulatistiblution curve of the size
of the particles in the powder, the particle sikesg classified by increasing

order.

. The powder as claimed in the immediately precediagn, exhibiting

- a percentage by number of particles having a dizess than or equal to
5 um which is greater than 5%, and/or

- amedian particle sizespof less than 10 um, and/or

- a 90 percentile of the particle sizesp,f less than 25 pm, and/or

- a99.5 percentile of the particle sizegg B of less than 40 um, and/or

- asize dispersion index §pD10)/Djg Of less than 1.5.

. The powder as claimed in either of the precediagnd, in which the median

size of the patrticles, 49 is less than 8 um.

. The powder as claimed in any one of the precedlagns, comprising, as

percentage by mass based on the oxides, more th8fbf YO; and/or

Y.03 and/or %AlsO;2 and/or of an yttrium oxyfluoride, preferably ofeth
formula Y;OpF; in which a is 1, b is between 0.7 and 1.1, ansl loeitween 1
and 1.5, preferably an oxyfluoride selected fromFYand Y%O4F; or a mixture

of these oxyfluorides.

. A process for manufacturing a powder as claimedniy one of the preceding

claims, said process comprising the following steps
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a) granulating a particulate charge so as to obtagnaaule powder having a
median size [y of between 20 and 60 microns, the particulate gdar
comprising more than 99.8% of a rare earth metaleo&and/or of hafnium
oxide and/or of an aluminum oxide, as percentagenbgs based on the
oxides;

b) injecting said granule powder, via a carrier gdspugh at least one
injection orifice to a plasma jet generated by asplia gun, under injection
conditions which give rise to the bursting of mtman 50% of the granules
injected, as percentage by number, so as to obtaiten droplets, the flow
rate of the granule powder injected being less tAayimin per KW of
plasma gun power, and the ratio of the quantitynlags of granules injected
via said injection orifice, preferably by each utjen orifice, to the surface
area of said injection orifice being greater th&gimin per mmz of surface
area of said injection orifice;

c) cooling said molten droplets, so as to obtain a feewder as claimed in
any one of the preceding claims;

d) optionally, performing particle size selection @dsfeed powder.

. The process as claimed in the immediately precediagn, in which the

injection conditions are determined such as togoabout the bursting of more

than 70% of the granules injected, as percentageiimper.

. The process as claimed in the immediately precediagn, in which the

injection conditions are determined such as togbabout the bursting of more

than 90% of the granules injected, as percentageiimper.

. The process for manufacturing a powder as claimeghy one of claims 5 to

7, in which, in step b), the injection condition® adapted to bring about a
degree of granule bursting identical to a plasma lgaving a power of 40 to
65 kW and generating a plasma jet in which the ttyaby mass of granules
injected via each injection orifice, in g/min penof the surface area of said

injection orifice, is greater than 10 g/min per mm?2

. The process as claimed in the immediately precediagn, in which the

quantity by mass of granules injected via eachctiga orifice, in g/min per
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mn? of the surface area of said injection orificegisater than 15 g/min per

mm?.

10.The process for manufacturing a powder as claimeghy one of claims 5 to
9, in which said injection orifice defines an irjea channel having a length at

least one time greater than the equivalent dianoétesid injection orifice.

11.The process as claimed in the immediately precedlagn, in which said

length is at least two times greater than saidvedemt diameter.

12.The process for manufacturing a powder as claimeghy one of claims 5 to
11, in which, in step b), the flow rate of granptawvder is less than 3 g/min per

kW of plasma gun power.

13.The process as claimed in one of claims 5 to 12yhich the granulation

comprises an atomization.

14. A thermal spraying process comprising a step afntlaé spraying of a powder
as claimed in any one of claims 1 to 4 or manufactas claimed in any one

of claims 5 to 13.

15.A treatment chamber for semiconductors, said chansbenprising a wall
protected by a coating, said coating comprisingatiban 99.8% of a rare earth
metal oxide and/or of a hafnium oxide and/or of @ominum oxide, as
percentage by mass based on the oxides, and éxgibiporosity of less than
or equal to 1.5%, said coating being obtained leyntial spraying of a powder
as claimed in any one of claims 1 to 4 or manufacty a process according

to any one of claims 5 to 13.



