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In this contribution we present results of differertial sputter yield measurements of
boron nitride, quartz, and kapton due to bombardmen by xenon ions. The measurements
are made using a sputtering diagnostic based on aigrtz crystal microbalance (QCM). The
QCM measurement allows full angular resolution, i.e differential sputtering vyield
measurements are measured as a function of both pml angle and azimuthal angle.
Measured profiles are presented for 100, 250, 35(a 500 eV Xé& bombardment at 0°, 15°,
30° and 45° angles of incidence. We fit the measdreprofiles with Modified Zhang
expressions using two free parameters: the totapatter yield, Y, and characteristic energy
E*. Total yields are calculated from the differentid profiles and are compared with
published values and weight loss values where pddsi.

Nomenclature

y = differential sputtering yield

E* = characteristic energy to describe sputterirgiler

M; = molar mass of species

Y = total sputter yield

Ycond = total volumetric sputter yield due to condensatimponents (lower bound on target yield)

Yrarget Max = tOtal volumetric sputter yield assuming all gpritg as atoms (upper bound on target yield)
= QCM sensor polar angle from target normal
= ion incidence angle from target normal

f = azimuthal angle in the target plane from the @laontaining the ion beam and target normal

r = density of target material
[.  Introduction

on sputtering is the process in which atoms (anteoodes, clusters, or ions) are ejected from thiéasa of a

material due to bombarding incident ibnDetails of the sputtering process are of intefresn both theoretical
and applied points of view. In this contributiayr interest is in the role of sputtering in elecpropulsion (EP)
thrusters used for satellite and space explorafioin these devices, sputter erosion places a foadtal limitation
on lifetimes. For example, in ion thrusters thes@an of accelerator grids is critical, while inIH&rusters it is the
erosion of insulator channels can play a key roMaterials of interest include refractory metals vesll as
multicomponent materials such as boron nitride riguand kapton. Additionally, sputtered particfesm within
the thrusters or from external spacecraft companeam redeposit and contaminate spacecraft surfaggshermal
control surfaces).

Owing to relatively long lifetimes (5-10+ years) BP thruster devices and the complexity and expese
experimental tests, effects of sputter erosionradéposition are generally studied with numericesodFor erosion
studies (lifetime), one aims to compute the amadirgurface erosion due to the bombarding ions. ddleulation
requires knowledge of the total sputter yielt$ ¢f the eroding materials of interest. Modelingredeposition
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(contamination) additionally requires knowledgetloé differential (angular) sputter yieldg(&,f)) of the eroded
materials in order to track the trajectories of spettered particles. Total and differential sputield profiles have
been measured with a multitude of techniques, &apdist of which includes: weight lo3scollector plate’$™,
mass spectrometyy quartz crystal microbalant&®®*? Rutherford backscatterifig’, radioactive tracet§ and
cavity ring-down spectroscoffy The current measurement system builds upon mwiqus work using a quartz
crystal microbalance (QCM) for sensitive measuremeri angularly resolved differential sputter yid By
moving the QCM to different angular positions weaih the differential sputter yield over the fubp) hemisphere
above the target.

lon sputtering in EP applications is generally & lenergy ions (keV and below). At these condgjmstopping
is predominantly due to elastic (nuclear) collisioend the sputtering is generally in the linearcadse regime
(emitted particles are secondary or higher germratecoils) or single knock-on regime (emitted joées are
primary recoils). A classical theory for the linear cascade regiwas originally developed by Sigmufid
Independent of ion incidence angle, the originalotly predicts sputtering profiles that are azimilifhsymmetric
and approximately diffuse in shape, correspondingasine-like profiles of the foryu cos@)" (n=1 for a diffuse
profile). More recent theories, as well as experital and numerical studies show a range of prefilgpes. For
normally incident ions on polycrystalline and antowps targets, cosine-like profiles are generallgeobed with
increasingly under-cosine shapes as ion energpviered and increasingly over-cosine shapes forehigbn
energies” %22 |n comparison to a diffuse profile, an underigesrofile fi<1) has less sputtering in the surface
normal direction and correspondingly more sputtgwith the maximum) at intermediate angles. Cosely, an
over-cosine profile (>1) has increased sputtering (and the maximum) @ gtrface normal direction. For
obliquely incident ions at relatively high ion eggr observed profiles also tend to be azimuthayijnreetric.
However, for lower ion energies the measured mefiend to be asymmetric with increased sputtennthe
forward direction”***"? Similar profiles have been modeled on a thecakbasis® %

Our recent research efforts have led to the dewsdop of an experimental apparatus and methodoldgies
measure differential sputter yield profiles dueldw energy bombarding iofi& The measurement approach is
based on a QCM apparatus that moves above the targeasure angularly resolved differential spugtelds. In
Section Il we briefly summarize the QCM apparanguding recent improvements to the system. We @éscribe
the use of use of Modified Zhang (MZ) expressiossaneans to describe the measured profiles. dtio&s I,
IV, and V we present sputtering results for bomb@edt of xenon ions on boron nitride, quartz, angtéa
respectively. The profiles are measured at a rahgen energies (100, 250, 350, and 500 eV) aoitlénce angles
(0, 15, 30, and 45 degrees) and clearly show botiicosine as well as anisotropic sputtering prsfiléVhere
possible, total sputter yields found from integratiof the differential sputter yield profiles arengpared with
published values as well as weight loss valuesimddain our laboratory. Finally, conclusions areeg in Section
VI.

II. Experimental
A. Overview of QCM Measurement System

The experimental apparatus is shown in Figure he 3ystem has been previously descrbesb that in this
subsection we give an overview of its essentiaiufes, while the following subsection details reéamodifications.
The ion source and QCM are housed within a 0.135tainless steel vacuum chamber (43 ¢cm ID x 76amy |
main section), equipped with a 1500 liter/s CTl#§ogenic pump. The chamber base pressure was 5¥afr
(after an 8-hour bake out prior to measurementghgia working pressure of approximately 0.6 to -1Torr.
The ion source is based on a discharge chambeateplewith xenon gas at typical flowrates of 0.916 sccm. A
tungsten hot-filament cathode ionizes the neutsal gnd a two-grid ion optic system extracts andides the ion
beam onto the target. Neutralization of the beaah surface charging effects are addressed inoBeldtB. The
discharge voltageVp) was set between 30 V and 38 V to minimize the memof multiply charged ions produced.
Full-width-at-half-maximums (FWHMSs) of the ion beamwere in the vicinity of 3 cm (at target planefhvpeak
current densities of approximately 0.3 mAfcand average current densities (over the area iogmda90% of the
beam current) of approximately 0.1 mA/(aee Reference 5).

A rotatable target-mount is positioned 23 cm doveash of the ion source. Details of the targetsl ($&8BC
grade BN, quartz, and kapton) are presented iniddeclll-V. All targets are poly-crystalline (raach grain
orientations) so that crystallographic orientatifects are not observed. The targets were cleasied an acetone
solution but not mechanically polished. Prior teasurements, new targets were sputter-cleaned@drdirs with
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a 500 eV (~0.2 mA/cAy beam from the ion source. The same targets woftee used in multiple tests; thus, we
have deliberately studied pre-sputtered as opptsesw (un-sputtered) targets to better repredeniconditions
found in long-duration EP operating applicationsroground-based sputter coating tools. An ordemagnitude
estimate for the typical dose of incident ions (be
target prior to a given test) is approximately?’*®
ions/cnt (corresponding to 10s-100s of hours ai
eroded thickness of approximately 10-100 micron
Target contamination effects are estimated to
negligible, since for typical conditions the flux ions
incident on the target is approximately 10 timeghbr
than the flux of nitrogen (the major contaminant}he
targef.

In deposition mode, the QCM allows determinatic
of differential sputter yields through measuremeft
mass accumulation (of sputtered particles) on
surface. Mass changes are inferred from change:
the resonant frequency of the crystal. Knowing t
change of mass, incident dose of ions, and geome
the differential sputter yield can be simply caitab.
For condensable components, sticking coefficients 5
assumed to be unity. We also account fFigure 1. Schematic diagrarn of experimental setup.
noncondensable components as discussed in Sections
3-5. Temperature control on the QCM is discusaeSeiction 11.B.

The angles used to describe the direction of mmidence and the ejections angles of sputteredclesrtare
shown in figure 1. We define as follows: is the incidence angle of bombarding ions measuetative to the
surface normal 0 for normal incidence) is the ejection polar angle of sputtered atomssoneal relative to the
surface normal, and is the ejection azimuthal angle of the sputteresimat measured in the plane of the target
surface (defined so th&t0 is in the forward sputter direction i.e. in tieection of the plane containing the surface
normal and the incident ion directions). For aegiincidence angle (obtained by tilting the target® differential
sputtering profile is obtained by measuring thettgplield at a series of angles above the targ#s positions).

At a given measurement point, the volumetric ddferal sputter yieldy(a,f), is determined using equation (1),
in which R( ,) is the measured mass accumulation rate (found &a@position monitor device),is the density
of target materialJs avq (C/s) is the ion current incident on the targeégsured every 0.5 s and averageg), the
distance from the target center to the QCM (17.4, @nd A is the QCM sensor area (0.535%mThe quantity
As/rqcm2 corresponds to the solid angle that the QCM sesisotends whildR( 7,)/r Jg avg COrresponds to the volume
of sputtered material per bombarding charge. Tawmultingy(a,f) is in units of volume/charge/steradian (e.g.
mnv/C/sr). Note that because we study multicompormeaterials (where the identity of the sputtering and
depositing particles is not always clear), we uskimetric units of differential sputter yield aspmsed to atomic
based yields. This treatment is further addregs&ections IlI-V.

y(a!f): Ré[ )Ecm2 //' ‘]Bangs (1)

In principle, owing to the finite size of the QCMystal and beam spot on the target, each of ousunements
(i.e. QCM positions) corresponds to a (small) raofjpolar and azimuthal angles joining the target 9CM. We
have performed a simple simulation to show thabfargeometry and sputter conditions these eff@aisnegligible
(worst case of 5% error), so that we can treattaxget and QCM as points (not areas) joined bynglesivector.
We also note that the viewing angle of the QCMppraximately 5.4 steradian (cone apex angle of JL@Bfich
corresponds to an area on the target that is ldngerthe irradiated area (also a necessary regenefor equation

1)
B. Modification of QCM Apparatus

We have worked with colleagues at Sigma Instrumedontsimprove our QCM system. For improved
measurement sensitivity we have obtained a Sigstauiment SQC-339 Deposition Controller that re&esarystal
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frequency to 0.01 Hz. Also, for improved sensitivand accuracy a new advanced RC-cut QCM was radatai
instead of the conventional AC-cut QCM. The RC-Q@M manufactured by Tangidyne Corporation is exaigm
accurate for deposition of very thin films. Highnsgivity is achieved by adjusting the stress dogffits of the
quartz plate using advanced fabrication methods. ddmparison of the QCM mass change during a memsunt
at fixed sputtering conditions using the old anevr@CM is presented at Figure 2. The vertical agisleposited
mass, which should increase linearly against chéinges sputtering the target). The data set medsusing the
AC-cut QCM has a relatively high noise level, whishcharacteristic of this QCM type and signifidameduces
measurement sensitivity, especially at low ion gigs For most materials of interest, the new RCQCM
enables measurement of differential sputter yieldraenergies as low as 50-100 eV.

Old QCM (AC-cut) New QCM (RC-cut)
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Figure 2 Left/Right: Mass change with old/new QCM. Xe ions on quartz at 350 eV.

The left of Figure 3 shows rippling in QCM mass-+ege during a measurement at fixed sputtering cimmdit
The vertical axis plots the mass accumulation,stbee of which gives the sputter yield. The sherta rippling
was correlated with slight temperature variatioth@ QCM cooling loop. The effect of the ripplings to degrade
our ability to determine the slope, thereby degrgdmeasurement accuracy and sensitivity. To rentbidy
behavior we have upgraded our temperature contrimlla unit from Polyscience that allows tempemtontrol to
better than 0.01 K. The right of Figure 3 shovgnailar measurement with the new temperature ctetrand one
can see that the rippling is significantly reducéd.typical conditions, the new temperature colierchas improved
sensitivity by a factor of approximately 3.
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Figure 3 Left/Right: Mass change with old/new temprature controller. Xe ions on quartz at 350 eV.

In our recent measurements of insulators, e.g.rbaiide, we have observed effects of surface raémation
on the measured sputter yields. We have instalétlasma Bridge Neutralizer (PBN) to remedy thisbfam.
Below, we described a neutralization study and owement associated with the PBN. Surface chargffegts on
BN sputtering have been previously observed by gretral?®. The left of Figure 4 shows the dependence of the
HBC grade Boron Nitride sputter yield on the beanrent at fixed beam voltage (prior to PBN insté@dia). The
reduction in sputter yield with increasing beamrent was attributed to surface charging of the Rieze. At
higher beam current more positive charge is accatadlon the sample surface and the charge repais lmns
thus reducing the measured sputter yield. Thesesunements were performed for 500 eV xenon ionsoanal
incidence with the QCM polar angle at 40 degreemfthe surface normal. The right of Figure 4 shavesasured
sputter yield versus beam voltage (prior to PBNailfstion) at the same conditions. The arrow iaths the
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sequence of the beam voltages, which was initsdyto 500 V, then reduced to 350 V, 250 V, and ¥5€hen
increased back. Clearly hysteresis is observed simeasured sputter yield values depend on thequewdperating
point. This phenomenon can be also explained bysthiace charging. At higher beam voltage, the sonorce
generates higher beam current. Therefore, the anafutihe electric charge accumulated on the sarapiéace
depends on the previous operating condition; wherbeam voltage and the beam current at the preyioint are

higher than at the present point, more chargederaalated on the surface and the measured spigtdriy lower,
and vise versa.
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Figure 4 Left/Right: Sputter yield versus beam curent (left) and voltage (right) before PBN installaion.

In order to neutralize the surface charge, a plasesan neutralizer (PBN) was placed in the chamlmsecto
the sample being sputtered. The operating condit@drPBN are: emission current = 10-20 mA, Xe nilss rate
= 0.5 sccm. The PBN was biased negatively relativground potential and was set equal to the mmrce
neutralizer potential (typically -24 V). Measurerntewof the sputter yield with PBN operating shownFigures 5
and 6 as function of current and beam voltage.ore can see in Figure 5 (in comparison to Figureh&re is a
significantly reduced dependence of the sputteldy@n the beam current as well as substantial temudn
hysteresis. We also note that the measured spigids have increased compared to the previoustsesvhich is
in accordance with the proposed hypothesis of tiace charging.
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Fiaure 5 Left/Riaht: Sputter vield versus beam curent (left) and voltaae (riaht) after PBN installation.

C. Modified Zhang Expressions

For low ion energies and oblique incidence, sputeprofiles show azimuthal variation and are dieaot well
described by azimuthally symmetric (diffuse) pradilof the formy=Ycos@)/p (or more generallyucos@)".
While our measured profiles can be described wallgrppmials, it is preferable to use expressions &éna based on
theoretical considerations and contain fewer patarse The availability of such expressions is tadj however
Zhang et al. have published expressions for diffisme sputter yield profil€s. Zhang's expressions are
improvements of earlier expressions from Yamanififa As discussed in our past wofkwe have developed the
use of Modified Zhang expressions which are essnthose of Zhang but where we adopt the usevofftee fit
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parameters. The first free parameter is the tepaitter yield. We prefer to use as a free paramétereby
decoupling the amplitude of the differential sputyeeld profile from its shape. (Zhang's expressiamplicitly
include the total yield, but it is calculated fromaterial properties rather than appearing as alicéxparameter).
Moreover, to obtain agreement between measurenagdtshe Zhang expressions, we find tBgt(the threshold
energy for sputtering) should be considered ase fit parameter. We term this parameter as arécheristic
energy” E* and our fits of experimental data show that in@ generally equal to the threshold energy. The
resulting Modified Zhang (MZ) expressioyz, is:

Y ycos(a) 1_1 E

Y — L5 coqb)g(a) +>p sir( b) sifa) cob)
1—\/Ecos(b) p 4VE 2

)

_3sifa- 1 coda(3sifa+ ) ¥ sim
g(a)=—"F—+ : In .
sin’a 2sirta L sim

where angles are as defined above &rislthe ion energy. More recent work by Zhanglealao discusses the use
of a varying energy parameter, but in the contéxxpressions for energy distributions and totaltsgy yield$’.

In general, rather than using the MZ expressionsafpriori calculation, we treaY andE* as free fit-parameters
which we determine from (least-squares fittingpemmental data. As shown below, the best-fit @alwf
characteristic energ* vary with ion energy and incidence angle and gahedo not equaky,. Generally, we
find that the MZ expressions used in this way pileva reasonable description of the shapes of thesumed
sputtered profiles (see Sections IlI-V and errdcuations). We note that for high ion energy {tieB>>E*) the
MZ expression reduces to the diffuse yigldYcos@)/p).

[ll.  HBC Boron Nitride Sputter Yields
A. Total Sputter Yields of HBC BN

We have measured the sputtering of HBC grade boitoide (BN) using the QCM system described above.
The HBC BN is from GE's Advanced Ceramics and gmoads to the graphite-like allotrope of BN. Wevda
measured differential sputter yield profiles for EBrade BN for incidence angles of 0, 15, 30 andldgrees and
xenon ion energies of 100, 250, 350, and 500 eVie measured profiles are least-squares fitted usiagMZ
expressions resulting in a total sputter yield,{) and characteristic ener@f. Values are given in Table 1. We
provide the total sputter yields in units of i@ corresponding to the volume of sputtered maltger coulomb of
charge of bombarding ions. These units are prefer@r multi-component materials since sputteradigles may
have different identities (e.g. B, N,/8,) and thus the units of “atoms/ion” are inapprofgria

Recall that the QCM measures only the componemtsciindenseand stick onto the QCM, which for BN
corresponds to atomic boron, and\B clusters (including BN), but not nitrogen. Sucmaasurement accurately
describes the sticking of sputtered particles t@cepraft surfaces (as would be of interest for ditppa studies),
especially if mass is considered by convertingwbleimetric yield to the directly measured massdyiglsing the
material density). However, it may underestimate the sputtering from he target surface (as would be of
interest in lifetime and erosion studies). Owing to the likelihood of sputtering some atomitragen during
sputtering of BN, it is expected that the targedduhyield is higher than the QCM yield. Accordinghe label the
experimentally measured yield #gs,,4 the value of which describes condensable compsr{assumed to be BN)
and provides a lower bound of the sputter yieldnfithe target surface. Additionally, we computeugper bound
of the target-based yieldiage: max DY @assuming that all sputtering is as atomic b@noed nitrogen, and that for each
boron atom condensed on the QCM there is a spdttét@gen atom that did not condenséu et max= 2.30Xcond
= ((Mg+My)/ Mg)xYcons WhereMg andMy are atomic masses of B and N respectively). Nwefor the case of a
mixture of atom and cluster sputtering the trugearyield would lie between the condensable yi#lg ) and the
maximum  yield Yraget Ma). Mass spectrometry results [1] and multi-compuinsputtering theory suggest
sputtering predominantly as atoms, and there¥atg.e: max iS €xpected to be the more accurate valuer target-
based yields.
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Table 1 Total Sputter Yields (Y) and Characteristic Energies E*) of HBC BN

lon Energy Incidence Angle Ycond Yrarget_Max E* Error (Avg,
(eV) (Deg) (mn?*/C) (mm°/C) (eV) Normalized)
100 0 0.0123 0.0283 19.0 0.22
100 15 0.0122 0.0283 18.1 0.10
100 30 0.0130 0.0299 17.7 0.10
100 45 0.0153 0.0351 14.3 0.14
250 0 0.0283 0.0651 104 0.27
250 15 0.0234 0.0539 65.2 0.13
250 30 0.0287 0.0660 96.1 0.12
250 45 0.0258 0.0594 86.4 0.12
350 0 0.0251 0.0578 88.1 0.11
350 15 0.0200 0.0459 97.0 0.15
350 30 0.0243 0.0559 148 0.12
350 45 0.0308 0.0707 163 0.12
500 0 0.0423 0.0973 123 0.10
500 15 0.0473 0.109 150 0.13
500 30 0.0485 0.112 207 0.11
500 45 0.0545 0.125 231 0.10
Figure 6 plots the total sputter yields of
Table 1. The plotted yields are the values 0.16 , , , —=—CSUQCM100 eV
. , ' ' ' —e— CSU QCM 250 eV
Of Yrarget max FOr fixed energy we find that ] CSU QCM 350 eV
the yield generally increases with incidence 0.14+ —v— CSU QCM 500 eV
angle as is typical in this angular range. T v
(Generally  sputtering increases  with 0124 T
. . - . g V//' 4
incidence angle until a maximum at o0l — ]

approximately 40-60 degrees of incidence.)
We note that the dependence on angle is
weaker than what is typically observed in W
metals, though we have observed similar 0064 o — o e A
behavior in kapton. An apparent anomaly 1 1
in the data is the higher sputter yields at 250

0.08 B

Y (mm?/C)

0.04 -

eV as compared to 350 eV. This behavior woad " ]
is repeatable and we believe it to be ]

physically real. The mechanisms for this 0.00 e pmomr——4—-+—-pr—o—"mp—"—1—
have not been determined, but it is possibly 0 10 20 30 40 50
due to changes in composition of the Incidence Angle (degrees)

sputtered particles at the different energiesg;y 1o g Total sputter yields for HBC BN due to X@on ions.
for example, more sputtering of B and N at

350 eV as compared to more sputtering of

BN at 250 eV.

Where possible, we compare the measured yieMgqd va) With those from the limited published
measurements. The left of Figure 7 shows our 3b0neasurements along with weight loss measureniants
French research grotfpand a profilometry measurement by NASA GR@t similar energy. Neither group
specifies the grade of BN used. We view the agee¢mwith other data as reasonable especially gpessible
material variation, surface effects etc. The righfigure 7 shows comparison with measurementtheyFrench
group at 500 eV and also shows reasonable agreem@itte nearly monotonic increase of sputter yigith
incidence angle for angles as high as 80 degrett®ifrench data is atypical.) The fact that @lues tend to be
higher than the published values may be due tgotheence of clusters in the sputtering (in whickecthe true
value of the target yield is less th¥f,qe max@S discussed above Table 1), however the differmmealso be due
to experimental errors, target conditions etc. eNtbiat the lowest sputtering energies reportethése comparison
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studies were 300 eV by GRC and 350 eV by the Frgnebp, and apart from our own work we are not awar
other measurements below 300 eV.
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Figure 7. Left: Total sputter yields for HBC BN ascompared with published values. See text.

We can also compare the total sputter yields of HBCmeasured by our QCM apparatus with past CSlghtei
loss measurements. We find that the past weigist feeasurements are lower, by a factor of apprdglyna to 3,
than the condensable component of the present QE@bbsunements. The reasons for this are under igaten,
and we hypothesize that surface charge neutralizathay have been insufficient in our past weighgslo
measurements. Comparison of QCM yields with aceunaight loss measurements would be informativieetber
understand the condensable fraction of sputterymtsdhat are condensable. The comparison withighdd values
as well as our positive agreement between the Q@M veeight-loss measurements for other materialesgivs
confidence in the QCM measurements presented here.

B. Differential Sputter Yield Measurements of HBC BN

Using our QCM system we have measured differespaltter yields for HBC grade BN for incidence asghé
0, 15, 30 and 45 degrees and xenon ion energi8®f250, 350, and 500 eV. We provide the resultise context
of the fitted MZ expressions. Rigorously speakitlte QCM measurements must be interpreted as giviag
angular sputtering profiles of only condensabledprts, though to first approximation it is reasdeaio assume
that they provide a description of all sputter pretd. Included in Table 1 are values for the ottersstic energy
E*, which governs the profile shape via equatiora@}liscussed above. To characterize the agredmemveten the
fitted MZ profiles and the measured data, we alswvigde an error column, which we compute as theragee
(absolute) difference between the measured pomdscarresponding fitted points, normalized by thaximmum
measured yield.

Examples of comparison between measured (raw) Q@td dnd fitted MZ profiles are given in Figure 8 (i
arbitrary units, but the same scale for both ploBdth plots are for xenon ion energies of 350 with the left plot
being at normal incidence and the right plot beind30 degrees incidence. The plots include: QCMsued
points, best-fit MZ profiles, and (for comparisdaijfuse profiles with the same total yield. Onecaee relatively
good agreement between the measured profiles angriofdes (see also numerical error values in Table The
normally incident profile is azimuthally symmetricThe profile for 30 degrees incidence is measurethe
forward/backward planef€0,180 degrees) and shows a forward sputter lolegative alpha) and reduced
sputtering in the backward direction (positive @ph As we have found for other materials, the Myressions
provide a reasonable description of the measurefilgs, but tend to predict a slightly broader émder amplitude
forward-sputter lob¥’.

In Figure 9 we plot (using colored hemispheres) libst-fit Zhang differential sputter yields for baof the
measured cases. Colors (indicated in legend) spored to the yield in the given direction. Here faeus on the
shape (not magnitude) of the profiles; therefore, mormalize the differential sputter yields by tiéal sputter
yields (or equivalently assume total sputter yialtlanity).
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Figure 8. Comparison of QCM data with MZ profiles for 350 eV ions.
Left: Normal incidence. Right: 30 degrees incidence
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Figure 9. Normalized differential sputter yield profiles for xenon ions on HBC BN.
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IV.  Total and Differential Sputter Yield Measurements of Quartz
A. Total Sputter Yields of Quartz

This section reports sputtering measurements oftzj@nd follows a similar structure to that used BN in
Section lll. The quartz (CVI) was in the form ofx2” substrates. Using our QCM system we have ntedsu
sputter yields for incidence angles of 0, 15, 36 45 degrees and xenon ion energies of 100, 231),a8&l 500 eV.
Table 2 provides the total sputter yields in umifsmnt/C found from eqn. (1). Again, we use both,ng and

Yrarget Max  Here we consider SiCas the condensable from Si@nd assume atom sputtering (with detection of Si

but not O) for the maximum yield case, Marget Max= 2.14Xcond= (Msit2Mo)/ Mg)XYcons  Yrarget MaxiS €Xpected to
be the more accurate value for target-based yi{skks also discussion of Figure 10).

Table 2 Total Sputter Yields (Y) and Characteristic Energies E*) of Quartz

lon Energy Incidence Angle Ycond Yrarget_Max E* Error (Avg,
(eV) (Deg) (mm?/C) (mn?/C) (eV) Normalized)
100 0 0.0098 0.0209 10.0 0.24
100 15 0.0061 0.0130 20.2 0.17
100 30 0.0126 0.0269 34.7 0.22
100 45 0.0154 0.0329 42.7 0.15
250 0 0.0367 0.0786 68.1 0.23
250 15 0.0333 0.0713 83.8 0.10
250 30 0.0547 0.117 111 0.12
250 45 0.0875 0.187 137 0.14
350 0 0.0398 0.0850 140.9 0.09
350 15 0.0461 0.0985 70.5 0.16
350 30 0.0869 0.186 146 0.09
350 45 0.131 0.280 178 0.12
500 0 0.0706 0.151 147 0.10
500 15 0.0628 0.134 83.9 0.23
500 30 0.116 0.250 206 0.08
500 45 0.151 0.322 245 0.12

L. Note that for 100 eV at 0 incidence, the dathést fit in the limit ofE* goes to zero (i.e. E¥/E<<1 as is the case fofudé
yields), but we report E*=10 eV since it gives edidly the same profile and avoids singularities.

Figure 10 plots the total sputter yield Lo L B A e oomimey
(Yrarget_ma) Of Table 2. For fixed energy we finc 030' —e—QCM 250 eV
that the yield generally increases with inciden ] _._ggmggggg
angle as is typical in this angular range. We al ] = Wt Loss 80 eV
compare the total sputter yields of silico © °%7 e
measured by our QCM apparatus with past C¢ & I Wt Loss 350 eV
weight loss measurements. Figure 10 sho \E/O-Z‘" :
also the weight loss data and indicat T T
reasonable agreement between the two methc 0151 — / -
(Matching colors are used to aid the reader: 2 1
eV data is in red, 350 eV data is in green.) T 0.10 .
fact that the QCM values Ofrarger maxtend to be 1 '\. s
higher than the weight-loss values may be due 005 g -, .
the presence of clusters in the sputtering, . |\.//l4' Tl
hypothesis which is consistent with the fact th o B R S —
all weight loss measurements are between c 1 20 3 4 5 60 70

Incidence Angle (degrees)

corresponding values andY,
P 9 Ofarger v cond Figure 10. Total sputter yields of quartz. See tex
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B. Differential Sputter Yield Measurements of Quartz

We have measured differential sputter yields foargufor incidence angles of 0, 15, 30 and 45 degend
xenon ion energies of 100, 250, 350, and 500 e¥ffefd@ntial sputter yield measurements for sili@me performed
and analyzed in the analogous manner to those B BN. Table 2 includes the corresponding valués o
characteristic energig* and error (computed as for Table 1). Examplesonfiparison between measured (raw)
QCM data and fitted MZ profiles are given in Figdrk (incidence of Dand 30). Figure 12 shows (using colored
hemispheres) the differential sputter yields fasheaf the measured cases (with total yields nozedlto unity).

—n—QCM data 0.25 4 —u— QCM data
—e— Mod. Zhang " —e— Mod. Zhang
Diffuse Diffuse

0.08

0.204

]
< 0.04-
=

0.004

T T T T T T T T T T T T T T T T T T T T T T
<100 -80 -60 -40 -20 O 20 40 60 80 100 4100 -80 -60 -40 20 O 20 40 60 80 100
Alpha (Degrees) Alpha (degrees)

Figure 11. Comparison of QCM data with best-fit MZprofiles for 350 eV ions. Left:5=0°, right b=30°.

Figure 12. Normalized differential sputter yield profiles for xenon ions on quartz.
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V.  Total and Differential Sputter Yield Measurements of Kapton
A. Total Sputter Yields of Kapton

This section reports sputtering measurements ofokapnd follows a similar structure to those usadBN and
quartz. We have tested a polyamide film with tradene Kapton HN (Dupont)Using our QCM system we have
measured sputter yields for incidence angles df5),30 and 45 degrees and xenon ion energies of388) and
500 eV. Measurements for 100 eV ions had poorasiginoise owing to the low density and sputterfdgapton,
and are not reported. Table 3 provides the tquattsr yields in units of m#C found from eqgn. (1). Again, we use
both Ycong and Yrarget max  The chemical formula for kapton (polyamide) @&2H:0N-Os), so that in the absence of
other information we consider,&1,0N,Os as the condensable from kapton and assume atotterspy (with
detection of only C) for the maximum yield case, Wraget max= 1.45 XYcona= (22Mc + 10My + 2My + SMg) /
22Mc) X Yoone Yrarget MaxiS €Xpected to be the more accurate value foetdrgsed yields (see also discussion of
Figure 13).

Table 3 Total Sputter Yields {Y) and Characteristic Energies E*) of Kapton

lon Energy Incidence Angle Ycond Yrarget Max E* Error (Avg,
(eV) (Deg) (mn?*/C) (mn*/C) (eV) Normalized)
250 0 0.0084 0.0122 121.9 0.21
250 15 0.0094 0.0138 83.9 0.17
250 30 0.0112 0.0164 83.6 0.17
250 45 0.0136 0.0197 90.3 0.15
350 0 0.0143 0.0208 93.2 0.2
350 15 0.0295 0.0428 174 0.48
350 30 0.0201 0.0293 176.9 0.17
350 45 0.0278 0.0405 198.3 0.13
500 0 0.0297 0.0433 258.2 0.23
500 15 0.0372 0.0541 288 0.19
500 30 0.0454 0.0658 282.1 0.14
500 45 0.0445 0.0644 283 0.11

Figure 13 plots the total sputter yield&{qe: vay) Of Table 2. We find that the dependence on &g angle is
weaker for kapton that is typical for other matistriaWe compare the total sputter yields of kapteasured by our
QCM apparatus with past CSU weight loss measuresndrigure 13 shows also the weight loss data iatiddtes
reasonable agreement between the two methods.cliMgtcolors are used to aid the reader: 250 e¥ dan red,
350 eV data is in green.) As with quartz, w
find that the QCM values Ofrager maxtend to be L L L S S

higher than those from weight-loss but that tl 000 /'\. — Qom0

weight loss is (approximately) between tF —emQoMs00ey

QCM lower and upper bounds 0fcong and / Wt Loss 350 eV

Yrarget Max  THis result provides validation of th
QCM measurement and suggests that the kag
sputtering contains some non-condensal
fraction.

0.04 B

Y (mm%C)

B. Differential Sputter Yield Measurements 002

of Kapton —

./.< —
We have measured differential sputter yiel 1% 1

for quartz for incidence angles of 0, 15, 30 al 000

45 degrees and xenon ion energies of 250, 3 8 10 20 30 40 = e 70

and 500 eV. Differential sputter vyielc Incidence Angle (degrees)
Figure 13. Total sputter yields of kapton. See téx
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measurements for silicon are performed and analyzetie analogous manner to those for HBC BN. @&abl
includes the corresponding values of characterestiergyE* and error (computed as for Table 1). Examples of
comparison between measured (raw) QCM data armdl fittZ profiles are given in Figure 14 (incidence0bfand
30°). The larger noise (as compared to BN and quéstdue to the lower sputter yields and densitkagiton.
Figure 15 shows (using colored hemispheres) thferdiftial sputter yields for each of the measurases (with
total yields normalized to unity).

0.005 0.010
—m— QCM data

—e— Mod. Zhang
Diffuse

0.004 Diffuse

0.008

'\ —n—QCM data
L] —e— Mod. Zhang
e

0.003 + 0.006 4

a.u.)
y (a.u.

y
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Figure 14. Comparison of QCM data with best-fit MZprofiles for 350 eV ions. Left:5=0°, right b=30°.

Figure 15. Normalized differential sputter yield profiles for xenon ions on Kapton.
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VI. Conclusions

We have reported total and differential sputtetdyimeasurements for HBC grade boron nitride (BNiartg,
and kapton using a QCM measurement system. Wadaraneasurements of sputter yield profiles for xeiams
incident on pre-sputtered targets at a range aflé@mce angles and ion energies. Because the QCAdures only
condensable components, the directly measured syiplbvide a lower bound on the target sputter yield
Accordingly, we also compute an upper bound underassumption that all sputtering is as atoms aat we
measure only the condensable atoms (e.g. assunah@mN sputters as atomic B and N, yet we only mmesB). In
this way we obtain a range of yield values at eamfdition, though we anticipate that the true talgesed value is
closer to the upper bound. In terms of deposif@mntamination) of sputter products onto spacecaftaces, the
QCM measurement provides a true measurement, efipeifi one uses the material density to convem th
volumetric yield to a mass yield (which is the qiitgrdirectly measured by the QCM).

We observe that sputtering of boron nitride is ipalarly sensitive to surface charging effects tlean
significantly change the measured yields (owingeqoulsion of the ion beam). These effects aregatiéid through
appropriate neutralization. The measured totattspyields for HBC BN are found to be in rough egment with
the limited values available from the literatuféor measurement of quartz and kapton we compartthlesputter
yields with weight loss measurements (from pastkwar our laboratory) and find reasonable agreemenhe
differential sputter yields (angular profiles) fall materials are markedly anisotropic for the Emergies studied
and are reasonably described with Modified Zhan@)xpressions. Clearly any modeling of the tregjges of
sputtered particles for these species at theseitemrgdshould not assume a simple diffuse formhef differential
sputter yield. Using the parameters for totald/i@ghd characteristic energy given in the tables MZ expressions
can easily be used to compute the differentialtepytelds.

With the improvements to the measurement systesepted in this work, the QCM provides a useful tool
measurement of differential sputter yields for mate of interest to EP. In contrast to technigaesh as cavity
ring-down spectroscopy, the QCM approach is notrele to real-timen situ measurements, on the other hand
the system allows detailed angular measurements Which differential and total sputter yields cam teadily
inferred. Currently, the detection limit of thestgm allows measurement of yields for ion energ®efw as ~100
eV, a level difficult to attain with other measuremh techniques and systems. For example, to oowlkdge
sputtering of BN has not previously been measundtiis energy range with past measurements linb@edinimum
ion energy of 300 eV. With further improvementssensitivity (and to the ion beams) we aim to measputter
yields for lower energies closer to the sputtetimgshold, i.e. in the energy range of 50-100 é\so interesting
would be to study the variation in sputter yieldsaafunction of target temperature, and to makiéurcomparisons
between QCM measurements and weight loss measuernt®rexamine the condensable fraction and better
understand the identities of the sputtered pagti@oms, clusters).
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