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Abstract: The principal life -limiting mechanism of Hall thrusters is erosion of the
discharge channel walls via ion sputtering. Few sputter yield measurements exist for
hexagonal boron nitride (hBN), a common wall material,in the range of ion energis of
interest to Hall thrusters, and past modeling efforts have had limited success due to the high
computational costs associated with sputter modelingPresented in this workis an updated
molecular dynamics model for the sputtering of hexagonal boron nitride by energetixenon
ions. The model uses graphics processing units to accelerate its computations, allowing
better statistics to be achieved when calculating the sputter yields. The model is used to
simulate hBN sputtering by ions with kinetic energies of 100 eV an#50 eV and incidence
angles of 0° and 45°. It is demonstrated that nitrogen is rapidly depleted from the hBN
lattice, leaving a boronenriched layer and causingthe total sputter yield to be strongly
dependent on ion fluence Of the four cases tested, mly the 100 eV, 45° incidence case
appears to be close to a steady state after more than 35,000 ion impacomparisons to
experimental measurementsby weight loss and quartz crystal microbalancesuggest thatthe
100 eV, 45° incidence case agrees wellthviexisting data. Differential sputter yields are
computed and areshown to bewell-described by the modified Zhang function. The species
composition of the sputtered particles is analyzed, revealing that the most common sputtered
species are atomic bom and diatomic nitrogen. Velocity distribution functions for these
two species are computed. The VDF of atomic boron normal to the hBN surface is shown to
follow a SigmundThompson distribution. The VDF of diatomic nitrogen exhibits a strong
bimodal nature and is better described by a superposition of flisbiasedMaxwell-Boltzmann
distributions.

Nomenclature

® = Screening length

® _ = Bohrradius

%ﬂgh = Fitting parameters for Albe potential

O h = Dimer energy andeparation

(0] = lon kinetic energy

0] = Characteristic energy for modified Zhang fit

O = Surface binding energy

Q = Elementary charge

Q = Cutoff function for interatomic potentials

"Q AQ = Maxwell-Boltzmann and Sigmur@hompson velocity ditribution functions
QRQ = Repulsiveand attractive components thie Albe potential function
GPU = Graphics processing unit

hBN = Hexagonal boron nitride

o) = Boltzmann constant

LIF = Laserinduced fluorescence
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Temperature
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. Introduction

HE primary life-limiting mechanism of Hall thrusters is the erosion of the discharge channel walls via

sputtering by energetic ions from the plasnes the walls erode, the magnetic pole pieces are exposed to the
plasma and the magnetic topography is changed, ultimately rgsidtihruster failure. The erosion process also
produces free condensable material that may redeposit in the thruster or on spacecraft. sutfeces,
characterizion of the total erosion rates and transport of the sputtering products can provideevadt@mation
about thruster lifetime and revgabdssiblespacecraft integration issues.

Historically, Hall thruster operational life has been determined by testing tlrasthighvacuum conditions
until failure occurs Since such life tests are bdime-consuming and expensive, there has been extensive work on
describing the erosion process in order to better estimate the lifespan afrthmishout longterm experimental
testing. The erosion rate of the discharge channel walls is relatedsjoutiter yield of the wall material, which is a
function of the kinetic energy and incidence angle of ions impacting the surfasme commonhusedwall
materialsin Hall thrustersarehexagonal boron nitriddhBN) andhBN-based ceramicsWhile there hag beersome
past efforts at measuring sputter yieldshBN experimentallyusing techniques such as mass ft5savity ring
down spectroscopy (CRD&gnd quartz crystal microbalance (QCM}hese efforts have provided limited data in
the range ofon energies most important to Hall thruster channel erosion (tens to hundreds adifect§) sputter
yield levels falling below the measurement thresholds the instruments used In addition, only the QCM
measurements providketailed differential sputter yield data that could be used to describe the behavior of sputtered
particles as they leave theaterial surface.

The gaps in thexperimentaldatamotivated a numerical effort by Yim and Bo$ayhich used a molecular
dynamics (MD) model to simulate the sputterinch8N by energetic xenon ions. This modglpearedapable of
calculatingtotal sputter yields ofiBN evenat low ion energies, bugstimatingdifferential sputter yields proved to
be infeasible due to the limited computational power available at the tRezent advancements in computing,
however, have made such simulations much more tractable, motivatidguélepment of an updated model

In this work, we present a new, higheed MD model for the sputtering BN by energetic xenon ions based
on the previous work by Yimln Sectionll, the details of the model are described, including the basic framework,
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the interatomic potentials used, the domain configuration, the simulation progreasibrthe data reduction
procedure In Sectionlll, the model is used to compute the total and differential sputter yielBMNfor a set of
ion energies and incidence angleBoth the total and differential sputter yields are compaxedexisting
experimental data. In addition, the species composition of theuttgred particles is analyzed and velocity
distribution functions (VDFs) of the individual sputtered species are comp@edves are fit to the computed
VDFs in order to makeomparisons to experimental measurements using-iladeced fluorescence (LIF).
Finally, in SectionV, the findings of this work are summarized and the basis for future wiai isut.

II.  Numerical model

A. Molecular dynamics framework
The model used in this work applies molecular dynamics (MD) to simulate the sputtehiBfyl bfy xenon ions.
MD is a deterministic method for simulating systems at the atomic I&ved. atoms in theystem are assumed to
behavems cl assi cal particl es .tAtomgintevabt&ith orié ansthep through ahatytical o f m
interatomic potentialunctions At each time step, the force acting on each atom is computed as the suoesf fo
from the surrounding atoms. Then, the position and velocity of each atom are integrated forwardéadimg to
a new system state.

Several generglurpose MD codes have been developedr dfie past two decades, such as LAMMPS,
GROMACS? NAMD,* and DL_POLY* The MD code chosen for use in this work is HOOMDe’*?
HOOMD-blueis an opersource codethatt i | i zes Nvi di ads CUmoAun &b sipulationsng ar c h
on graphics processing units (GPU$PUs were originally developed perform the massivelparallel floating
point computdons required to generate hidildelity computer graphicswhen applied to MD computations,
single highperformance desktop GPtAn reduce the wall time of simulations by two or more orders of magnitu
For sputtering simulations, this allows many more ion impacts to be processed in a given amount of time, improving
the statistics for both total and differential sputter yield computati@BUs are also inexpensive, costing only a
few hundred US dddrs for a highperformance desktop GPU or a few thousand for a GPgrsdsifor scientific
computing. Together, the large performance benefits and low cost of GPU computing make HiD@MD ideal
MD code for use in the present work.

B. Interatomic potentials

There are two interatomic potentials used in the sputtering model: one for the interactions between the boron and
nitrogen atoms in the hBN lattice, and another for the interactions between the impacting xenon ion and the atoms in
the lattice. It shdd be noted that the impacting xenon will henceforth be referred to as the ion for convenience,
though it is generally assumed that the ion neutralizes upon impact.

To model the interactions between the boron and nitrogen atoms in the lattice, HOIO&Bes a Tersoffike
threebody potential developed by AlpMéller, and Heinigfor boron nitride.** *®> Thisis a bondorder potential,
and thus accounts for factors such as the number of bonded neighitherdoond lengthsand the bond angles
between multiple atoms. It takes the form

P A o ~
— Qi Qi W Qi h
C 1

wherethe repulsive and attractive terms take the form of a Morse potential:
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The coefficient is a modifier term that accounts for the number of bonded neighbors and enforces bond angles
between threer more atoms. It has the form

¥ HOOMD-blue web jage: http://codeblue.umich.edu/hooibidie
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The cutoff function'Qlimits the interaction range between atoms by smoothly transitioning the potential to zero at
some finite distance. The functiased in this works based on an exponenfi&t

ph i Y O
. o . ) L e
Qi AgB—— h'Y O 1 'Y ©Oh
(N 1H p
Urrth i Y O (4)
‘Hji Y ’o8
1 0

Tablel shows the valuesfall of the Albeparameters for BB, Bi N, and N N interactions.The parameters are
dependent only on the species of atéfsd Qnot on the species of the tertiary atdfdsNote that the values @b
andQfor the B B interactions differ fromhose found by Albe Yim determined that the original values resulted in
a very high sensitivity téhe bond angleabout the critical agle determined byQ This high sensitivity requires a
very small time step in order to resolve the particle motion, so Yim modified the values to maintain the same ratio
@ FQ while reducing the senaitty to the bond angle.Since B B bonds do not oer in bulk BN, it is unclear
whether this will have any adverse effects on the sputter yield computations.

The potential used to model the interactions of the
covalentlybonded boron and nitrogen with th
impacting ion is the ZiegleBiersackLittmark (ZBL)
fiuni ver s atl oThipi® & screeneda Coulom

Table 1. Albe potential parameters for Bi B, Bi
t N, and Ni N interactions.

potentialof the form 5B BTN NN
v 0, eV 3.08 6.36 9.91
i wa %o '.,— h i, A 1.59 1.33 1.11
L w Y 1.0769 1.0769 1.0769
f,A' 15244506 2.043057 1.92787
‘ ) Lo r 1.6x10° 1.1134x1¢ 1.9251x1G
% O 6 AgDd @h ®) ¢  3.9929061 0.364153367 0.6184432
_A? 0 1.9925 0
. &  3.316257 1092.9287  17.7959
& 8 Q 0.01 12.38 5.9484
w & Q 0.5 -0.5413 0
Y, A 2.0 2.0 2.0
The values fo® and6 are shown inTable2. This 0, A 0.1 0.1 0.1

potential differs slightly from the Moliére potential use

by Yim. While both the ZBL and Moliére potentials are
screened Coulomb potentials, they usbfferent Taple 2. Coefficient values for the ZBL potential.
definitions for the screening length, and the Moliére

screening functiortontains fewer termsHowever, the 0 1 2 3 4
ZBL potential better matches effective screenil 0 0.1818 05099 0.2802 0.02817
functions gathered from scattering experiméehtsThe & 3.2 09423 04029 0.2016

ZBL potential has also been used in other MD stud
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Table 3. Lattice constants for hBN*

Lattice constant Length, A

W 2.496
) 3.245
i 1.441

concerning hBN as hasthe Albe potential described
above™ '° For these reasons, it was deemed appropriate
substitute ie ZBL potential for the Moliére potential.

C. Domain configuration and simulation progression

The domain for the MD simulations consists dfiagle
lattice of hBN. A smallsample domain is shown Fig. 1.
The w eplane defines the surface plane of the hBN samp
and thed-axis defines the surface normal vectoiThe
domain ste issetby the numbers of graphetike sheets,
pointto-point hexagons, and side-side hexagons. The
size of the hexagons is determined by the lattice constant
andi, and the spacing between sheets is determined by
lattice constant) Thethree lattice constants are defined ir
Fig. 1 and their values are shown frable 3. Periodic
boundary conditions are used along thandwaxes. The Figure 1. Sample  domain  for  sputtering
boundaries along thé-axis are open, allowing particles t@imulations with definitions for the lattice
pass through them and exit the doma8ince the simulatedconstams% 4k and v Boron atoms are green,
lattice representa depth ofonly a few angstromsat the pitrogen atoms are blue. Graphic generated using
surface of a much larger hBN sample, the bottommesyip software.?
boron and nitroge atoms (i.e., those with the small@st
positions) are fixed in place. This represents the
mechanicallystabilizing effect of the greater hBN sampteaintainingzero net momentum for tremulatedattice.
The two layers of atoms just above themobie layer are dubbed the thermostat layers and regulate the system
temperature The thermostat layers serve to dissipate the energy deposited by an impacting ion after that energy
diffuses away from the surfacelhis is accomplishedia a Berendsen therrstat, which rescales atom velocities
according to the system temperattire

WO

- p?"

| <

p8 (6)

<

For the current work, two domain sizes are usedr the 100 eV simulationspanitial domain consisting of 32
sheetof 12 sideto-side hexagons and 24 pciatpoint hexagons is used. For the 250 eV simulations, the initial
domain consists of 40 sheets of dideto-sidehexagons and 3fointto-point hexagons. Additional hexagons are
added to the bottom of the domais the surface atoms sputter away. This prewbatsurface from being eroded
to the point where the thermostat and immobile atom layers interfere with the collision dynamics at the ion impact
site.

lon impacts are simulated by placing an ion abovehtBH lattice with a given kinetic energy and incidence
angle. The incidence angles defi ned as the angle between téueh i onobds
that an incidence angle of 0° corresponds to normal incidefibei on 6 s i mn i theavleplapearsl ithe |
azimuth ofits velocity vector are randomized in order to minimize the influence of lattice orientation on the
resulting sputter yields. The initial velocities of the lattice atoms are sampled from a Max@atzmann
distribition at the desired equilibrium temperattive The position and velocity of each particle are integrated
using a secondrder velocityVerlet schemavith a time step of 0.1 fsThe species and centef-mass velocity of
all atons andmolecules passinga ¢-boundary are recorded to a text file for ppsicessing.After each ion impact,
the systemis allowed to reach a thermal equilibrium defined 'y Y before another ion is injected. The
equilibrium temperaturéy is set to 150°C in order to matche sample temperature reportedsjputtering
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experiments' ®* The system temperatuf¥is monitored using a sutelaxation techniqué in orde to minimize the
effects of instantaneous temperature fluctuatiddsless otherwise noted, all simulations begin with a perfect hBN
lattice Additional ions are injected after each impact until the average sputter yield reaches a steady state.
steag-state sputter yield is defined by two criteria:

1. The total ejection rate of nitrogen atoms is equal to that of boron atoms on average.

2. The average sputter yield does not change with increasing ion fluence.
The importance of thiirst criterion is discussed in detail in SectibitA.

D. Datareduction

For each ion impact, HOOMDIue outputs the time of ejection, species, kinetic energy, and the ejection and
azimuthal angles of the velocity vectofreach particl§atom or nolecule)that passes @ boundary. The ejection
angle is defined as the angle between the partancl eds
ejection angle of 0° corresponds to a particle leaviegddmainnormal to thdattice surface (along thé-axis in
Fig. 1). Thesedata must be reduced in order to find total sputter yields, differential sputter yields, and velocity
distribution functions(VDFs). The total sputter yield averaged over some number of ion impacén be written
as:

W 78 (7

Differential sputter yields are computed bgneratinga virtual hemisphere centered at the origin of the ejected
particleand separatingstsurfacento sections of equal solid angig The differential sputter yield at a given solid
angle is then

i G —Ho a —E%)or’,l ®
W 00 5a" [

where—and %odefine the centroid athe solid anglen, For comparison to experimental data, a modified Zhang
(MZ) function is fit in a leassquares sense to the computed differential yi&lds:

, ® Al &
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with %o TtCcorresponding to thiarward sputtering direction.

VDFs are computed from the raw datadgparating velocity space into bins and allocating the ejected particles
into the appropriate binsThis is done independently for each species represented in the population of ejected
particles. Curves are then fit to the computed histogranihe exacfunction used to fit to the data depends on the
axis under consideration. For tlkeand w directions, a MaxwelBoltzmann distribution is fit to theomputed
VDFs. For thei direction, one of two functions is used. The first isfthe-based form bthe SigmundThompson

distribution?> 2

Fo T R S — (10)
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where0 is the velocity corresponding to the surfac
binding energyO  * 0 7¢. This function has been T '
used in the past to describe the velocity distribution i
boron atoms sputtered from an hBN targetThe
second fitting funtion for thed direction is the flux
shifted MaxwellBoltzmann distribution:

100 eV, 45 degrees
100 eV, 0 degrees
250 eV, 45 degrees
250 eV, 0 degrees

<
T
1

‘0
A 8
QU VAgb —CTQ,,YB (11

o
[}

where"Yis treated as a fit parametddote that both of
the functions used to fit th@ velocities are fluxbased 1
due to the way the particle data are recorded. ]

Average sputter yield, mm®/C

. Resultsand discussion 10°

L ] TR T [ .
0 10000 20000 30000 40000
Total ion fluence

A. Total sputter yields
1. Dependence on ion fluence

Figure 2 shows the tatl average sputter yield as
function of total ion fluence for the four case
simulated in this work. Note that the 250 eV, norm 0~ l
incidence case uses an initiaitice that is prebattered i
by several thousand 250 eV ions at 45° incideridee
values fotted are cumulative averages ftire first
8000impactsandaremoving averagewith an interval
of 8000ion impacts thereafter.

For the three cases tha¢ginwith a perfect hBN
lattice, the average sputteelds increaseover the first
several thousand ion impadisfore appearing to react
a plateau. This is caused by the deformation of th
crystal structure at the hBN surface, resulting in
amorphous region. After that, however,the sputter
yields beginto fall. Theinitial rise in the sputter yield
is consistent wi t?hut Wi ma )
simulations did not proceed past a total fluence 107 et T
1500 ions, so it is notlear whether a similar decreas Total ion fluence
in the sputter yields would have manifested in his daua., . . . .
The physical cause of such a decrease in the sput@ re 3 At9m|c _yleld of _mt_rogen and borc_)n n
yields is also unclear, but is likely related to thseoutterlng S|mulat|ons. Solid lines represent nitrogen
species composition of the ejected particl&sgure 3 and dashed lines represent boron.
shows thetotal number ofnitrogen and boromtoms
ejected per ionincluding those ejected as moleculas,a function of ion fluenceFor all four cases, nitrogen is
sputtered preferentially over boron. In fact, oube first several thousand ion impacts, nitrogen is sputtered at
approximately ten times the rate of boron, suggesting that nitrogen is rapidly depleted from the surface layers of the
lattice. This causesapparentboron enrichment in the surface layers, a phenomenon observed by Yim in his
simulations’ As the nitrogen is geeted from the surface layers and more pure boron is exposed, nitrogen becomes
less likely to be ejected from the system, resulting in a drop in its atomic yield.dddrsase in the atomic yield
corresponds to the decrease in the total sputter yield séég.th Meanwhile, the ejection rate of boron increases
steadilywith increasing ion fluence in all caseSince the rates of ejection of the two species are not equéitsthe
of the two steadystate criteria defined in SectidRrC is not metand a steady state has not yet been reached.

As previously stated, the initial rise in the sputter yield is likely caused by deformétiom arystal structure at
the hBN surface Thissame phenomenon can also explain the initial increase in the nitrogen sputtering rate and the
steady increase in the boron sputtering rate, but it does not explain why nitrogen is sputtered preferEmgally.
high rate of ejection of nitrogen is better explained by the form of the Albe potential, defined {&)E@, and(3)
with coefficients defined iTablel. As indicated by Eqq1) and(2), the dimer energ{D determines the depth of

7
The 3rd International Electric PropulsioiConferenceThe George Washington UniversitySA
October 6/ 10, 2013

Figure 2. Total sputter yield as a function of total ion
Lluence.
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Table 4. Mole fraction of nitrogen-containing
speciedn the sputtered particle population.

100 eV, 45 degrees

lon energy lon incidence Monatomic Diatomic 100V, 0 degrees

250 eV, 45 degrees

0° 12.1% 81.4% 10° B 250 eV, 0 degrees
100ev 45° 19.1%  73.2% ]
0° 12.8%  80.0%
250 eV 45° 20.6%  67.9%

the potential well for a giveiQ@teraction. Table 1

shows that the dimer energ$9.91 eVfor Ni N bonds

is greate than that of BB and B N bonds In other

words, nitrogen prefers to bond with nitrogen in ord -

to reach a minimunAenergy state.This is the reason i ]

nitrogen gas is chemically nonreactivEhough no N o Ly L

N bonds exist in bulk hBN, it is likely that such bonc 0 10000 20000 30000 40000
. . . . Total ion fluence

are formedduring an ion impact evemthen the lattice

is compresse@nd existing bonds are brokerOnce Figure 4. Normalized standard deviation of the total

such a bond is formed, it is unlikely to break dué@go sputter yields.

high dimer energy.In addition, such a bond is likely

to result in a free Nmolecule due tdhe exponential

term in Eq.(3). This term reduces thatractive force betweetwo neighboring atom&andQf there is some atom

"Qsuch thai i . NiN bonds have &elatively short dimerseparatior(seeTablel), so it is unlikelythat either

nitrogen atom will have any neighbors in closer proximity than its bond parttemnce, when NN bonds form in

the lattice, the likelyproductis anN, molecule that is free to diffuse out of the domain.

If the above hypothesis is true, thene would expect to see the majority of sputtered nitrogen leave the
simulationdomain in the form of N To investigate whether this is the case, thele fractiors of nitrogen
containing speciesjected from the domaiare computed and shown ifiable4. The emaining nitrogen is ejected
asBN, metastable Bmoleculesor larger compounds of B and Ms Table4 shows, the overwhelming majority of
the nitrogen mass lost by the hBN lattice is lost asThis supports the conclusion that fall in the total hBN sputter
yield after several thousand idgmpacts isa result of rapid nitrogen depletion in the surface layers of the lattice due
to the formation of NN bonds. Interestingly, themole fraction ejected as Nseems to be dependent only ion
incidence angle. lons at normal incidence probabhefrate deeper into the lattice on impact, allowing them to
interact with nitrogen atoms that are buried too deep for ions at oblique incidence to reach. More data need to be
collected, however, before any firm conclusions can be drawn.

Given that nitrogen is rapidly depleted from the surface layers of the hBN lattice, it may be valuable to
reevaluate the coefficients used farBBinteractions in the Albe potentialAs stated in SectioH-B, some of the
coefficients used for theiB interactions were modified in order to reduce the sensitivity of sucraatiens to
bond angles with tertiary atoms. This was justified by noting th&tfnds do not occur in bulk BNHowever, as
nitrogen is depleted from the MD systeni,BBbonds become much more common, perhaps motivating the use of
the coefficients proped by Albe, Mdéller, and Heinig.Unfortunately, attempts to do so resulted in the system
temperature becoming unstable and rising rapidly with time, even when the time step was reduced by two orders of
magnitude.Hence, exploring the use of the origirdbe coefficients is left for future work.

While it is clear that the first of the two steashate criteria is not yet met, it may be possible that the ejection
rates of boron and nitrogen arkanging with ion fluence isuch a way that the total sputtéeld is approximately
constant If that is the case, then the total sputter yields can be reliably recohdextder to assess this, one can
compute the normalized standard deviation of the total sputter yield (i.e., the standatibmenirmalizedy the
mean)over some number of ion impact8Vhen this parameter falls below some set value and remains there for a
set number of impacts, the sputter yield is said to be constant with increasing ion fluence.

The normalized standard deviation of the average sputterigistiown inFigure4 for each case The pldted
values are computed using the moving averigerval of 8000 impacts. The normalized standard deviation
exhibits an overall trend of decreasing with increasing ion fluefitee 100 eV, 45° incidence case, in particular,
maintains a standard deviatiof less tharl0% for the last 10,000 impact3.hough the total sputter yield for that
case may continue to change with continued ion fluence, it is unlikely to undergo any substantial, rapid change
unless there is some radical disturbance to the sydttancegven though the first of the two steastate criterias

10° | -

Normalized standard deviation, %

8
The 3rd International Electric PropulsioiConferenceThe George Washington UniversitySA
October 6/ 10, 2013



Table5. Total sputter vyields computed by

01

L IR I
HOOMD -blue. | = HOOMD-blue |
A Yim
lon energy lon incidence Sputter yield oosl T R acm high i
100 eV 0° 0.0120£0.0008 mYC 2 | v Rubin.ackiow 1
45° 0.0101 + 0.0008 m¥C g S Konshkin
250 eV 0° 0.0696 + 0.0026 MYC 5 oos Garnier -
45° 0.0887 +0.0027 mWC = A
[}
not yet met, the 100 eV, 45° incidence case is trea & °*f A ]
as though it has reached a steady state for F A L v
remainder Qf this work. . h 00zl e o OOC@O A
2. Comparison to experiment S So®
Thoughmost of the cases examined in this wol a4 om0 o
have not yet reached a steady state, it is still valua ol T TR TS STEE SRR TR T
to compare the computed sputter yields O I remeray ey 20 400 450

experimental measurements in order toaleate
qualitative trends.Quantitative comparisons betweeRigure 5. Sputter yields of hBN as a function of ion
the numerical and experimental datasets will becogfergy at 45° incidence.
more feasible as more cases are simulated to a steady
state.

Table5 shows the total sputter yields computed by HOOMUDe for the four casesimulated in the present
work. The uncertainties given are 95% confidence interweds the most recent 8000 ion iagis Note that the
sputter yields for the 250 eV cases are greater than those for the 100 eV cases, as expected based on experimental
observations.> At 250 eV, the normal incidence case gives a total sputter yield less than that at 45° intidence
the 100 eV cases show the opposite treBatperimental measurements and the previous work by Yim show that
the hBN sputter yield at a givéon energy increases with increasing ion incidence untdathes a peak between
50° and 80° incidenck® > ® After that, the sputter yielcapidly decreases as thecidence anglepproache§0°.
Thus it appears that the B5eV sputtering simulations agree with the experimentailserved dependence of
sputter yield on ion incidence angle, but the 100 eV simulations ddRemiall, however, that most of the simulated
cases have not yet reached a steady state. It is expibatehe sputter yield computed for 100 eV ions at normal
incidence will continue to decrease, eventually settling at a total sputter yield less than thatcitidsCe.

Figure5 shows the sputter yields computed using HOOM@e at 45° incidence along with experimental data
from various sources, including weight loss data from Gafniim,? Yalin,® and Abashkirf, QCM data from
Rubin?® and simulation values from Yifh.It should be noted that there are two sets of data points for the QCM.
The first, labeled QCM high, is the QCM measurement corrected to account foomdensable species such as N
The second, labeled QCM low, is the raw QCM measurement. Both sets are included because the corrected QCM
measurements are unusually high compared tanthes loss measurements, as noted by the experimeniérs.
measurements by Garnier, Yalin, and Rubin are of particular interest due to thmuhtghoron nitrides used in
those experimentspyrolytic hBN for Garnier, and HB@rade boron nitride foilvalin and Rubin. Note that
HOOMD-blue predicts a sputter yield at 100 eV tlagupears to coincide very well withe mass loss measurements
by Yalin, Abashkin, and Kim However, the sputter yield at 250 eV appears to be far too high. As has begn stat
this case has not yet reached a steady state. As the case approaches its steady state, the agreement between the
computed sputter yield and the measured yields is expected to improve.

B. Differential sputter yields

In computing the differential yieldsdm the raw data, it is assumed that the transient behavior of the total
sputter yields does not influence the shape of the differential sputter yield contdense, for the purpose of
computingthe differential sputter yieldshe cumulative average tie sputter yield over all ion impacts is used as
the total yieldrather than the moving averages reported in Sediiedh. This helps to improve the resolution of the
computed contours by allowing all ejected partidiesbe counted. Equation(9) is then fitted to the data for
comparison to QCM measurements by Rubiince the QCM measures differential yields directly, Rubin treated
total yield & in Eq. (9) as a fit parameter along thithe characteristic enerdy. In the present work, the total
sputter yields are known, so oy is treated as a fit paramete®ince T influences the shape of the differential
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sputter yield contours and the shape of the contours is assumed to be independent of ion fluence, it fdloiss that
assumed to be independent of ion fluence, as well.

Figure 6 shows computed differential sputter yield contours afd fits for the two 100 eV sputtering
simulations. In these plots, thpositive craxis indicates the direction of forward sputteranyl thepositive g-axis
is the surhce normal vectorFirst note that the computed yields are very well resodweh before applying thdzZ
fit. The case of normal incidence results in differential sputter yield contours that are nearly azimuthally symmetric,
asexpected from both theory and observafigh?”?® The 45° incidence case gives contours that are btasexd
the forward sputtering directipagain as expectedritting the MZ function to the computed yields helps to smooth
out any irregularities, but alsdightly changes the characteristics of the differential sputter yield contours. Namely,
the MZ fits suggesthat more particles are ejected at oblique angles relative to the soofawcal than do the raw
differential yields. Also, because the total sputter yield is the same between the computed yields and the fitted
contours, the fitsiecessarilypredict that fewer particles are ejected at neamal angles.The differences are not
dramatic, however: ThRMS differencebetween the raw and fitted contoursalsout5i 6% of the total yield for
both cases, suggesting that the fits describe the raw data very well.

0.005 z 0.005 z
0.0045 0.0045
0,004 0.004
0.0035 0.0035
0.003 ¥ 0.003 v
0.0025 X 0.0025 X
0.002 0.002
0.0015 0.0015
0.001 0.001
0.0005 0.0005
v / N
(a) (b)
0.005 z 0.005 z
0.0045 0.0045
0.004 0.004
0,0035 0.0035
0.003 v 0.003 Y
0.0025 X 0.0025 X
0.002 0.002
0.0015 0.0015
0.001 0.001
0.0005 0.0008 .
(c) (d)

Figure 6. Computed differential sputter yields (mnt/C/sr) for the 100 eV cases: computed profiles for (a)
normal incidence and (b) 45° incidence and modified Zhang fits for (c) normal incidence and (d) 45°
incidence.
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Figure 7 shows the computed and fitted differential
sputter yield contours for the 250 eV cases. The treng$ple 6. 7 T values for modified Zhang fits to

seenhere are very similar to those seen at 100 eV: ThaoomD -blue data and QCM data by Rubin.
normal incidencease gives contours that are azimuthally

symmetric and the 45° incidence case gives contours T G TO
biased in the direction of forward sputtering. The effect!on energy lonincidence ,~oynie ocm
of the MZ fit on the contourare also similar, with more 0° 00 018
particles ejected at obliqgue angles and fewernear 100 eV 45° 0.06 021
normal angles. The RMS differencefor these casess °

X ’ 0 0.0 0.25
slightly lessthan for 100 eV at abouti 5% of the total 250 eV 45° 0.05 0.34

yield, supporting the conclusiotihat the MZ fit describes
the computed differential sputter yields quite well.
Table6 shows the values & O from the MZ fits to

0.03 z 0.03 z
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0.02 % Y 0.02 X Y
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0.014 0,014

0.012 0.012

0.01 0.01

0.008 0.008

0.006 0.006

0.004 0.004

0.002 0.002

(b)

z
0.028
0.026
0.024
0.022
0.02 Y

X
0.018

0.016

0.014
0.012
0.01
0.008
(©) (d)
Figure 7. Computed differential sputter yields (mnt/C/sr) for the 250 eV cases: computed contours for (a)
normal incidence and (b) 45° incidence and modified Zhang fits for (c) normal incidence and (d) 45°
incidence.
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the HOOMDblue data and to the QCM data fror
Rubin® The total yield values are omitted sinc
they are compared in SectidH-A. While the

values do not agree well between the simulatic

Table 7. Mole fraction of boron-containing speciesn
the sputtered particle population.

lon lon . B,
and the experiment, the dependent®@Oon the  gnergy  incidence Monatomic BN o ¢
ion |nC|_dence angle appears.to match. Both 1 0° 78.1% 18.1% 1.8%
simulations and the experiment suggest tt 100 eV o N N N

. L . X 45 76.6% 14.7% 7.5%
obligue incidence angles result in a larggifO o 0 0 0
h | incid | hi 250 eV 0 83.5% 10.0% 6.8%
than neamnormal incidence angles. This tren 45° 71.1%  16.2% 11.8%

appears very consistently in the experimental da
so the fact that iappears tde replicated by the
simulations is promising. It is possible that this is a coincidence, however, given ttes Igimulation dataset
available at this time. As more cases are simulated, the depende@cEQobn the ion incidence anglean be
revisited

1. Velocity distribution functions
1. Atomic boron

Table4 suggests that the majority of nitrogen ejected from the MD system leaves the domain in the fgrm of N
The form of sputtered boron, however, has not yet been discuBsedn and boron congunds are condensable
materials, making them especially important when considering how erosion in Hall thrusters can impact spacecraft
integration. Table7 shows themole fraction of borofcontaining species sputtered in the MD simulatioRsr the
four cases simulated in this work, the majority of boron is ejected from the domain in monatomicTioisris
consistent with xay photoelectron spectroscopy analysisfarmed by Rubii Though the other species are also
present in significant quantitiethe total number of molecules ejected for those speoies kot give a large enough
sample size for computing wetksolved VDFs. Hence, it will be assumed hereafter that boron is sgutter
predominantly in its monatomic form.

Figure8 shows the computed and fitted VDFs for sputtered atomic boron for the 100 e\and&és. 9 shows
those for the 250 eV casesFor all cases, thev and w VDFs are fitted using bimodal Maxwell-Boltzmann
distribution rather than a gjie Maxwellian

W, 0 p ,Q U8 (12)

The VDFsin & are fitted using the SigmurAthompson distribution described by E@.0). As with the
differential sputter yiel contours, the positivexaxis corresponds to the direction of forward sputtering and positive
& corresponds to the lattice normal vectdfor all four cases, the fitted distributions describe the data extremely
well; the RMS differencebetween the computed VDFs and the fits is on the ordgi%for lessof the peak value
for each case Of particular note is the direction, as the computed VDFs reproduce the SigaTthuinpson
distribution predicted by the lineaascade theory of ataensputtering® *® There is some dismeement between
the computed VDFs and the fits in the higiergy tail of the distribution, but otherwise the two match very well.
The SigmundThompsondistribution has also been measured experimertf@ilgtomic boron sputtered frohBN.’

Past efforts at modeling hBN sputteriaglow ion energiebave not been able to replicate this distribution, largely
due to the high computational costsoich simulations. The higerformance GPU computing used in this work is
an enabling factor in generating these higholution VDFs.

TheVDFsin the wandwdirections do not follow the Sigmurthompson distribution, but they do exhibit some
notewortly characteristics. First, for the cases of normal incidence, the VDFsair(Figs. 8a and9a) are
approximately symmetric about zeroThis is to be expected since ions at normal incidence should produce
azimuthally symmetric sputter yield profiles. At 45° inciderigigg.8b and9b), those VDFs are biased towards a
positive velocity ina Since ions at oblique incidence tend to cause forward sputtéhedorwardbias inthose
VDFs s expected. On the other hand, the VDFs imare symmetric for all four cases, whichaisticipatedgiven
theinherent symmetry of the sputtering probleffhe most curious resuitom Figs. 8 and9 is that the VDFsn @
and w appear to have bimodal characteristics, especially inaitdrection for oblique ion incidence. These
characteristics do not appear in the VDFs.inThe modes are not very distinct, however, so this may only be an
indication that the Maxwebin distributions fitto the data do not provide a physicadlgcura¢ description of the
sputtered boron atoms.
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Figure 8. VDFs of atomic boron for 100 eV incident ion energy. The Ghcidence case is on the leftand
side of the page and the 45° incidence case is on the rigfaind side.
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