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Erosion yields of three candidate ceramics (BN, Si) Al,O3) for electric propulsion
applications have been measured and compared to sithations by the Onera simulation tool
for ion sputtering - CSiPI. The influence of Xé ion energy in the 200eV — 800eV energy
range and of the angle of incidence in the 0 to 754nge have been investigated. Prediction of
erosion yield by simulation is good with silica, bt differences are observed on BN and
Alumina. These differences have been attributed tgrain detachment effects and sputtered
atoms charge effects.
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l. Introduction

HE discharge Channel of Hall Effect Thrusters (HETa critical component. It has to be electricafigistive,

and resistant to ion sputtering. Furthermore istebn emission characteristics govern some digehglasma
characteristics. Most of the Hall Effect thrustdeveloped all over the world use boron nitride (BXBN based
materials (typically BN-Sig) as ceramic material for the discharge channet @rihe great advantages of BN is
that it is highly resistant to erosion under iomtix@rdment. Nevertheless, ceramic erosion rema@gmtin life
length limiting issue for this technolo\Efforts have been paid to characterize erosisistance to ion
bombardment of several candidate ceramics for HEGhdrge channél®. The work presented in this paper
continues this effort.
Materials exposed to ion bombardment get erodedplogtering, ie. the removal of target atoms dispdaby the
collision cascade generated by the impinging iofhsis phenomenon is well established, characterized
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documentefl In addition to sputtering, it is suspected thatim detachment under ion bombardment also plays a
significant role in ion erosion.

Erosion yields under Xeion bombardment have been measured using a masstdohnique for various
materials, impinging energy and ion beam anglencfdience. In this paper result on BN,,®4 and SiO2 are
presanted and discussed. Erosion yields are cochpatie sputtering yield calculations using the Ma@arlo code
CSiPF.

Il. Experimental

Samples are 10mm x 10mm x 1mm ceramic blocs. Thentity of the samples was specifically developed to
expose several samples simultaneously to the samkedam. Samples are glued to a screw that is edrew the
sample holder. The sample holder is a 3x3 matrat Holds nine samples simultaneously. It is deslgioelimit
sample contamination by sputtering products froexsaimple holder.

Erosion yields were measured by sample weighingrbedind after ion bombardment in the Onera ioni@nos
set up. It is a vacuum chamber pumped by a 500L/min tmtdecular pump. The ion beam is generated by a
Kaufman ion source (lon Tech 3cm) that producesudralized monoenergetic ion beam (+/- 5eV). Mass Wwere
obtained by sample mass measurement using a SartuhE36S balance with weighing accuracy of +/-2 pg.
Moisture desorption was managed by hot outgassidgrprimary vacuum. After moisture outgassing,osxpe to
air was limited to approximately two minutes whée samples are loaded in the erosion set up andntiwates
again when the samples are unloaded from the erasdb up. Storage and weighing are performed udder
nitrogen atmosphere. Samples were exposed to & dimsion step to remove any possible initial sampl
contamination and to allow Xenon implantation tbah impact sample mass variations.

During the ion bombardment process, ion currentsamples were monitored using flat Langmuir prdbesig
the plasma. For this, samples are removed fronamdeam while Langmuir probes are moved insidebtbam
instead of the samples. This was periodically dtmenonitor ion beam current density drifts. The iurrent
density is obtained by mathematical treatment @f I(V) characteristic Typical ion current density was one
hundred of pA/cm2 and the drift could reach fewcpats during the whole erosion time (typically feaurs).

9 samples
lon source
opening
Source
neutralize 13
langmuir
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Figure 1: View of the sample holder loaded with nie samples and the Langmuir probes matrix.

In such experiments, sputtering yield measuremantlme altered by energetic neutrals generated doyotn
source in the acceleration grid area by ions nkzéitgon (charge exchange for instance). Theserfestrals are not
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decelerated within the electrostatic sheath dowastrthe acceleration grid so that they can befgignily more
energetic than ions when reaching the target naté&ven if their flux on the target sample is loampared to the
ion flux, their participation to erosion can be npagligible when ion energy approaches sputterimgshold
energy. Erosion due to neutrals has to be deducad faw erosion measurements to measure the icttespg
yield. We characterized the participation of ndstri® silver erosion in our set up at low Xenergy. This
measurement was performed by differential erosase measurement of a silver coating evaporated Quatz
Crystal Microbalance (QCM). Erosion due to ions aedtrals were distinguished by ions eliminationablgiased
grid (see Figure 2-left). This grid is screenedtwp grounded grids. When filtration grid is biasadove ions
energy, erosion is only caused by neutrals. Whenribt biased, erosion is due to neutrals and Byglifferential
erosion rate measurement the relative participadioions and neutrals was deduced. Figure 2-rightgnts the
experimental participation of neutrals to the esnsof silver. Close to the sputtering thresholdrgpeof silver,
erosion due to ions becomes obviously negligibles Turve is only valid for silver since it strogglepends on the
energy dependence of the eroded material. Nevessethis paper aims at investigating sputterirddgi in the
200eV — 800eV energy range. The participation ofrats to erosion is extrapolated to 2% at 200evhfiFigure 2-
right. Participation of neutrals to erosion wasleeted in this study.

lon filter 14
0.9
0.8 |
0.7

-~~~ Beam 06 1

051 & Measurement

—Fit

0.4

lon
source

0.3
0.2
0.1

Fraction of silver erosion due to ions

0 50 100 150 200
lon Beam Energy [eV]

Figure 2. Left: Schematic description of the diagnstic of neutral participation in erosion. Right:
measured proportion of silver erosion due to ionsni our set-up.

1"I. Simulations

Sputtering yield simulations were run to assestepng yields of the eroded materials. Simulatiorese run
using the Onera simulation tool for ion sputteri6&iPf (Code de Simulation de la Pulvérisation loniqUé)is is a
Monte Carlo code similar to Trid§rthat uses the binary collision approximation wifie ZBL interaction potential.
The stoechiometry evolutions of the target surfamger ion bombardment are treated. The kinetihisfévolution
is not studied since the code is optimized to rehelsurface equilibrium as rapidly as possible.

This type of simulation code needs input paramdteas are the bulk binding energy and the surfanditg
energy. These input data are extracted from theymardical dath This means that calculations are predictions
since no sputtering input data is used. The claksiodeling assumption is that bulk binding enesynull while
erosion is limited by surface binding energy8. Vdesider that this assumption is correct for me{ag, propose a
slight modification in ref. 6). For ceramic matdsiave consider the opposite assumption: cohesigdheofnaterial
mainly results from bulk binding energy. For this w

consider a simple molecular model of the target Metallic atom OorN
material where each atoms are characterized by OR@rget material E Es Es Es
coordination value (e.g. 4 for Si, 3 for B, N ant] A AlLO; 23.4 0.02 15.6 0.02
and 2 for oxygen). We assume that atoms are baung gy 121 0.02 12.1 0.02
each other by localized chemical bonds. For ingar Sio, 188 | 002 94 0.02

each Si atom is bound to 4 O atoms in Sitile O
atoms are bound to 2 Si atoms. The bound energy ¥ple 1. Bulk and surface binding energies i
determined by thermodynamically considerationsy ysed for CSiPI calculation
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involving the heat of formation of the material. Wensider a very limited surface binding eneEgyof 0.02eV.
The data used for simulations are presented ineThbl

V. Results

Sputtering yields of Si© Al,O; and BN at 200eV, 350eV, 500eV and 800eV under mbincidence Xé
bombardment are presented on Figure 1. The smgtsields are expressed in i, that is the best unit to
express the rate of ablation depth in a HETLQAlis the less sensitive material to ion erosion &/8ilQ is the most
sensitive. The global trends for BN, 8k and SiQ are consistent with expected tends, except BNteog at
200eV. This measurement is surprisingly higher taar200eV and even 500eV. Since all samples weydedr
simultaneously, a problem due to the ion beam dueled. Weighing was double checked. We believe tthia
correspond to a true effect that we will discusthndiscussion part.

Relative sputtering versus angle of incidence ésented for the same samples for 500eVixe bombardment.
The trend is as expected for targets composedmoiass atoms compared to ion mass: The sputteidhd napidly
increases at high incidence. We note that thisdtismot always visible. Especially roughness tetadffatten the
incidence dependence of ion sputteting
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Figure 4. Sputtering yield of three ceramic Figure 4. Normalized sputtering yield of three
materials as function of X& ion energy under ceramic materials as function of the incidenc
normal incidence. of a 500eV Xé& ion beam.

V. Discussion

Erosion measurements are compared to CSiP| simnfatiTwo main differences between measurement and
simulations are expected:

- Erosion is due to sputtering (atomic emission skitea by the impinging ions) and other mechanisms
such as grain detachment. This second phenomeman ireated by CSiPI.

- CSiPI consider ideal flat surfaces, while even ighslroughness can impact sputtering yields. The
sputtering yield is only slightly impacted by roumgiss at normal incidence while it is much more
impacted at grazing incidence. The key parameteroafjhness is mainly the local slopes (at the
nanometer scale). Slopes of few degrees tend fiotlseimaximum sputtering yield to higher incidesice
while slopes of few tens of degrees tend to flatibenincidence dependence of the sputtering yield.

We compare simulation results with measurementsdisaliss the differences. Figure 5 presents sdiosion
yield from experiments and simulation. The corielatbetween the two data is good. This is explaimgdhe fact
that silica is very close to the ideal material wiaed by CSiPI: it was mirror polished and it i@ momposed of
grains, so that grain detachment is not possibigsi&n at 75° is relatively higher than predictlmnCSiPI. This can
be explained by a limit of the simulation. We alsghlight the fact that sputtering yield measuretregngrazing
incidence is highly sensitive to the relative angfi¢he ion current measurement system and sanifihesquality of
our angle management system could not achieve guarpositioning quality better than few degreBsis has a
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negligible effect up to 55° but is sufficient topdain the difference between measurement and siionlat 75° on
Figure 5. The case of Sj@lustrates the capabilities of CSiPI to predm isputtering of ceramic materials.

0.12 8 -

Y (mm3/C) SiO; Y 1Y(09 S0,
0.1 1 "
O Measurement 611 _g— Measurement
0.08 - ; ;
—a— Simulation —e— Simulation
0.06 -
0.04 -
0.02 1
0 ‘ ‘ ‘ ‘ 0
0 200 400 600 800 ‘ ‘ ‘ M
Energy [eV] 0 30 Incidence [q 60 90

Figure 5. Comparison of erosion measurements withiraulations by CSiPI with SiO,

Figure 6 presents the similar comparison for BNe Thrrelation between simulations and measurenmgmist as
good as with Si@ On the energy dependence curve, the two inteategioints are properly predicted, while for
the two extreme energies, experiment is above sitionl. We interpret this fact by the fact that 8 samples
were quite fragile. We suspect that the surfacddcget even more fragile after exposure to ion bardment.
Some grain detachment could have occurred durimgpleahandling or during ion bombardment. We suspest
ion implantation could enhance grain detachmenadgumulation at grain boundaries or by volume egjmmof
the implantation layer.

The angle dependence of BN sputtering is charatiefor a slightly rough surface.
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Figure 6. Comparison of erosion measurements withiraulations by CSiPI with BN

Figure 7 compares erosion from measurement andatiomw on alumina. The prediction is clearly notretated to
measurement. Measured erosion is lower than peztliexcept at 800eV. We did not expect that erosard be
lower than prediction. Indeed roughness effects grain detachment effects can not support this rebsien.
Furthermore, since other samples are eroded sinedtesly, any experimental artifact would have atgpacted the
other samples (BN and SiD In addition, comparison with measurements froamtd et af gives a much better
correlation with our simulation.
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Figure 8. Comparison of erosion measurements with iraulations by CSiPl with Al,Oa.
Measurements from Tartz et al® are also presented for comparison

The main difference between their measurement tiondiand our is ion beam neutralization. Our redizter is a
heated filament. It is located next to the accéienagrid (we do not use any deceleration griddhie middle of the
ion beam. Floating potential is typically few voltelow plasma potential. In ref. 5, neutralizatitn not
conventional since the filament is out of the el@etbeam and electrons are emitted at 25eV. Fumirer the total
electron current was set to get a null potentiahaeference silver sample, with the assumptiohttieapotential of
the insulating target material would be the same.

Nevertheless, as presented on Figure 8 electron’?®
emission under electron impact of alumina is higiter
25eV than the one of silver. Then it is expecteat th
alumina during erosion is slightly positively bidse
The secondary electron emission data must be hénd
very carefully since electron emission under etgttr 3
impact of oxides depends on many parameters
Furthermore the target is not really alumina, butg
amorphous aluminum oxide with implanted Xenon.‘§0.75
We finally conclude that alumina could be negativel © -
biased compared to the plasma in our setup, while £
would be positively biased in ref. 5. .
Our next assumption is that aluminum atoms emitted 0.5 ; ; ; ; ‘ ‘

by alumina under ion bombardment could be 0 5 10 15 20 25 30
positively charged in an important proportion. hist Impact energy [eV]

case, in our erosion conditions *Alon would be

recollected by the negatively biased surface, while Figure 7: Total electron emission yield undei

they would be extracted from the positively biased 10W energy electron impact on Silve
surface. (classical collection method) and Aluming

The necessary assumption is that a non negligible (Kelvin Probe method)

fraction of aluminum atom are emitted charged and

then recollected. We also precise that our measemesmare consistent with those from ref 5. for,36d BN.

This could be explained the more ionic charactehefAl-O bond compared to Si-O bdnahile BN is much more
covalent. Aluminium cations in alumina are moreifpealy charged than Silicium cations in silfc&his could
explain the emission of ions instead of neutrals.

This discussion involves important assumptions #rat not sufficiently supported. Nevertheless tasy of high
importance since ions could be injected in theldisge, and probably rapidly recollected by theltisge channel
walls.
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VI. Conclusion

We have measured erosion yield of several cerandtemals that are potential HET wall materials. The
influence of ion impinging energy in the 200eV 1008V range was investigated. The influence of thglea of
incidence has also been investigated. These measnte have been compared to predictive simulatiBit.that
is almost an ideal sample (mirror polished, norgpieads to simulations very consistent with messents. In
opposition, BN erosion can be influenced by graetadhment effects and roughness effects. Alumiosi@r was
lower than expected. We suggest that this couléxpained by the emission of charged Adns instead of Al
atoms. These ions would be recollected by the haggtbiased sample.
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