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SPUTTERING IN MERCURY ION THRUSTERS

Maris A. Mantenieks* and Vincent K. Rawlin*
National Aeronautics and Space Administration
lewls Research Center
Cleveland, Ohio

Abstract

Ground based tests of Hg ion thrusters have
identified sputter-erosion of thruster components
as one of the mafin life limiting phenomena  Subse-
quent measurements have revealed that sputtering
rates can be affected by background gases at pres-
sures as low as 1077 torr. With the recent inter-
est in thin film technology, sputtering in the
presence of reactive gases has been studied in
great detail. This paper presents the rcsults of
many of those studies and applies them to the sput-
tering of electric thrusters. A model, which as-
sumes that chemisorption is the dominant mechanism,
is applied to the sputtering rate measurements of
the screen grid of a 30-cm thruster in the presence
of nitrogen, The model utilizes inputs from a va-
riety of experimental and analytical sources The
model of environmental effects on sputtering was
applied to thruster conditions of low discharge
voltage and a discussion of the comparison of
theory and experiment is presented

Introduction

Ground based life tests of mercury fon thrus-
ters have {deatified sputter-erosion of thruster
components as one of the main life limiting phenom-
ena,**< Subs.quent measurements have shown cthat
thruster component sputtering can be affected by
backgrund gaces at pressures as low as 1x10-7
torr. This cffect nakes the correlation of the
results of ground and space tests very difficult

The reduct.on of sputtering rates due to back-
ground facility gases has been previously recog-
nized *~ However, the magnitude and the criteria
for occurrence f this effect have not been well
defined In recent work, related to thin film
technology, the effects of reactive gases on film
deposition have been studied 1n deraill 7-13  fhese
deposition studies, as well as some recent sputter-
ing studies,l4-19 have greatly incrcosed the know-
ledge of the effects of reactive gases on the sput-
tering/deposition process

This paper will first present a review of the
observed effects of background sases on sputtering
Results from thruster tests and data fiom othcr
sources will be presented A brief review of the
details of interacticns of gases with surfaces {s
then prcsented followed by a discussion of a model
of basic sputtering phenoncna in the prescence of
background gases Comparisoas 1re then drawn be-
tween the models and the results ootuin:d 1n a 30-
em mercury ion thruster

Effccts of Background Gases on Sputtearing

Sputtering, of Thruster Compoacnts

Reference 3 describes the effect of fucility
resfdual gases on the sputteriny rite of the fon
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optics screen grid of a mercury fon thruster as de-
determined from direct grid thiclness and molybdenin
spectral intersity measurements. Figure 1 (from

ref 3) shows the sputtering ratee from grid mea-
surements operated in two different facilitfes as a
function of test facility pressure The facility
pressure was dictated Ly the temperature of the cold
wall and the gas pumping speed for the particular
tests. For discharge chamber voltages betuween 35 to
37 volts, a large decrease of the screen grid sput-
tering rate is observed with increasing facility
pressure. At a discharge voltage of 32 volts, the
sputtering rate is considerably reduced at a given
pressure due to a decrease of ion energy as well as
a reduction of multlply charged fons in the thruster.

Figure 2 shows the spectral intensity of atomic
molybdenum which was sputtered from the screen grid,
as a function of nitrogen pressure. Nitrogen was
introduced directly onto the facility beginning at
the no load pressure of about 1x10-7 zorr. Nitrogen
was chosen for the test because of {ts availability
and the fact that in this facility at no load condi-
tions, it was found to be the most abundant single
specles of the residual gases (~<5%). Data are
shown for discharge voltages of 40, 45, aad 50 volts.
As the nitrogen pressure is increased (Fig. 2) there
is a decrease in the molybdenum spectral line (Mol)
intensity associated with sputtered screen grid ma-
tertal. Similar trends in the direct sputtering
rate measurcments were observed as the facility
pressure was varied (Fig. 1).

As pointed out in Ref. 3, tho obscrved molyb-
denum spectral intensity is expected to be propore
tional to the sputtering rate of the screen grid if
the thruster plasra conaitions arc held constant.
Assuming the plasma density, electron temperature,
plasma spatial distributions, and charge state of
the fons are negligibly afiected oy the background
pressure, the spectral intensity in Fig 2 should be
proportjonal to the sputtering rate for a given dise
charge voltage This assumption was ver.fied in
Ref. 3 as spectral {rtensiticvs of neutral and ion-
ized mercury were found to be essentially constant
with nitrogen pressure up to the low 1075 torr
range

Figure 2 shows that the molybdenum spectral in-
tensity increases substantiilly as the discharge
voltage is raised fron 40 t3 50 volts Because the
plasma conditions are dependent on the discharge
voltage, the spectral intensity cannot be correlated
directly to the sputteriny rate for different dis-
charpe veltapes 1t {, =zlear, that ac the 50-volt
condition the Mol line f{atunsity and thus the sput-
tering rate of the screoen prid reaches a platedu
around the 2x10-7 torr level This plateau repre-
sents the "clean metallic sarface” or simulated
gpace conattion At o di charge voltage of 45 volts
ft is not certain it a plateau has been reached
At 40 volts and Lelow, 2 plateay is not reached
Thercfore, the sputterim, rates of a 30-cm thruster
operating ac normal tond.tions ot discharge voltaye
ol 32 volts are affected by background pases because
pressures less than 1107 torr are not readily
avairlible for thruster tocts
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It should be pointed out that the spectral
data of Ref, 3 was plotted as a function of the
partial pressure of nitrogen, but may also include
effects due to other gases which have been found to
be reactive.l? Therefore, it was decided to plot
the total facility pressure, rather than the par-
tial pressure of nitrogen, for all data presented
herein. At the higher pressures, the effect of the
other gases becomes negligitle,

In order to show the effect of background
gases as a function of fon energy, the screen grid
was biased negatively, with respect to its norral
cathode potential. Based on the results of steady
state thruster electrical parameters and spectral
analyses of the thruster discharge, the bias did
not significantly perturb the plasma conditions.
The results of the bias tests, shown in Fig. 3
(from Ref. 3), were tsken at a discharge voltage
of 50 volts and a beam current of 2 A. Here the
spectral line intensity was normaltized to the maxi-
mum intensity for each bias test. The data show
that the curve i{s shifted slightly to the right or
higher pressure with increasing fon energy.

These data will be subsequently used in the
section dealing with the sputtering model.

Review of Environmental Effects on

Sputtering Rates

The sputtering characteristics shown in Figs
1 to 3 are similar to those observed by others
atudying the effeccts of reactive gases Data which
evaluated the sputtering rate d1rcctly6'13»”‘r16
and those that inferred sguttering rates by measur-
ing deposition rates/v11s12 are found 1n literature
Typlcal curves from these references are shown in
Fig. 4 for varicus combinations of ion type, ion
energies, and target material 1t is observed that
the magnitude of the change of the sputtering rate
with pressure ranges from abeou. a factor of 10
(sinilar to results observed in thrusters with a
Mo-N, syster) to no change at all for Au and Ag-0)
systems The latter result is similar to that ob-
tained in the thruster tests with increasing argon
and mercury backgrourd pressure 3 It should be
pointed out that deposition data usually under-
estimate the magnitude of the change of the sput-
tering rate of the metal target

As s'own iu Tig 4, the effect has been re-
ported in the lif:rature at pressures considerably
higher than those found in Fiys 1 to 3. This is
most probably duc to the higher cnergy of the ions
employed in those studies. To obtain a more exact
comparison the ion curcent density also has to be
considered  Increasing the current density shifts
the curve toward hi her pressure, at a given ion
cnergy 31

Anothcr paramcter of interest is the pressure
range over which the change in sputtering rate
takes place In the 30-cm thruster (Figs 1 to 3)
the sputtering rate Jecreased over two orders mapg-
nitude of prossure In some tests (Fig 4) the
sputtering rate variation occurred over a very
narrow pressure rame, in a nearly step-like fash-
ion As will be discussed later, this difference
may be due to the differences in the degree of re-
activity between the target sarface and the back-
ground pas
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Ir.teractions of Gases with Matals

The adsorption of gas by wctals 1s due to a
field force at the surface of the solid, which at-
tracts the gas, The forces of attraction may be
physical or chemical and the terms physisorption and
chenisorption are generally used to distinguish the
different interactions.

Physisorption The three kinds of forces thst
are responsible for physisorption are attractive
dispersion foices, short range rcpulsive forces, and
forces due to permancnt dipoles within the adsorbed
molecules.20 The binding energy of these forces are
weak as characterized by the heats of adsorption and
are on the order of 0 1 to 0 2 eV 26 Because of the
weak bonding energies involved, physisorption i{s not
considered to be a dominant rechanism inside the
thruster,21 where the component temperatures are
about 350° ¢  However, because a molecule can jump
from site to site meny times before desorption,
physisorption may play an important role in the
kinetics of dissociative chemisorpticn as a precur-
oy state.<s

Chemisorption Cherisorption is defined ss the
adsorption of atoms or molecules involving electron
transfer or sharing with surface atoms Generally,
there sre three types of chemisorption processes
i{dentified molecular, dissociative, and sorption

cyer formation Molecular chemisorption is_char-
ascterized by heats of adsorption about €..5 eV 1 1mn
dissociative chemisorption, heats of adsorption may
be as high as 8 eV Cherisorption {s usually
limited to a coverage of one monolayer or less.
With some very reactive systems, such as Ta-02, and
Mo-03, much more than a monolayer can be adsorbed
and this i{s referred to as sorption layer forma-
tion 21 Because of the relatively high temperature
inside a thruster, dissociative chemssorption is be-
lieved to be the dominant mechanism Reference 24
demonstrated chemisorption of Ny on molybdenum at
temperatures up to 900° C. Studies have shown that
nitrogen chemisorption is limited to about a mc vo-
layer, 1,26, a fact of importance in the sputcer-
ing model to be discusced.

Chemiso-ption phenomena are highly specific to
the surface matcrial ana the gas involved. For ex-
ample, according to Rets. 21, 26, and 27, nitrogen
witl be chemisorbed bv W, Ta, Mo, Ti, Zr, Hf, V,
and Nb Changes in the sputtering or deposition
rate of v0,3,7416 74,7 1a,10 4,16 have been found
in the presence of nitrogen, There appears to be
sonc ambigulrty about a class of elements which ap-
parcntly do not chemivorb nitroyen, but may fora
nitrides 28 These include Al, Si, Ni, and Fe.
Changes of deposition rates have been reported by
Ref 7 with Al and Fe in nitropen atmospheres
Elurents such as Ay and au do not chemisorb nitro-
gen or form nitridns,z ’ however no sputtering
dat1 extsts in the literature for these systems.

Model of Sticking Coefficient for Chemisorption

The chemiserption preoecess, in many cases, can
be described by a simple model of sticking coeffi-
cient behavior as a function ot coverage If d5,
represents the probability that two neighborimg
sltes arc enpty, and 1t physisorption jumps are
nevligible, then the sticking coefficient, s, is
given by 23
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where
w/k
B 1-e /«Tq
2] fraction of surface covered with adsorbed
species
Ty surface temperature
Y pairwise interaction energy
[ sticking coefficient
° sticking coefficient at 8 = 0

Boltzmann constant

The pairwise interaction energy, W, is negative for
repulsive and positive for attractive interactions
For repulsive forces B possesses two limits of
zero at &/Tg = 0 and cne at W/T, = «x, For
large attractive forces (i e., w -~ ) B becomes
=<, B may be taken as thes measure of the degree
of short range order in the chemisorbed layer.23

For purposes of the paper it is sufficier® to
look at only the limiting cases of Eq (1) For
larye repulsive interactions energies with B =1
we have

5 = s,(1 - 20) for 9 < 0.5
@)
s =0 for 9205
If there is no short range order in the chemisorbed
layer and B = 0 then
2
s = 5,(1 - v) (3)

which_is the expression for dissociative adsorp-
tion For the large attractive necarest neighbor
interaction, £q. (1) bLecomes

5= 5,(1 - %) ()]

which 1s usually referred to as the Langruir iso-
therm

Equations (2} to (4) are plotted in Fiy 5
Also shown are measurued relative sticking coetti-
cients of nlcrogcn or both molybdcnum t1lms2l and
(110) crystals.29 The uxperimental sticking coct-
ficient data appear to follow the (1 - )2 rela-
tionship more closely than the forms jiven in Eqs
(2) or (&) Because the exact sticking couffi-
cients are not available for partially 1onized and
Jdissociated nitrogen, the general relationship of
£q (1) cannot be used For this study Eqs. (3)
and (4) will be chosen tor the stickingy coefficient
functions, because sy(l - )2 best approximated
the dissociative chemisorption dat: and syl - ?)
probably best represents the larger (spected stick-
ing cocfficient value due to the disscoiated and
fonized nitrogen inside the thruster

In order that more than one monolmer be
allowdd to be chemisorbed, Ref 7 includes an ef-
feetive sticking coefficiont sgpp = 55 ag (/PN
where Py is the saturated vipor pressure, and
n {s related to the number of (hemisorbed layers
Because the Mo-N; system appears to torm only
about one monolayer this pictor will not be in-
cluded in this study

Sputtering Mcdel

Several mechanisms have been suggested in the
literature to account for the decrease of the sput-
tering rate of metels in the presence of reacrive
gases, One mechenism -ostulater that for certain
metal-ges systems an insulating lsyer is forwed at
the target allowing a surface charge to build up
which retards the incident ion. Thus, the energy of
the fons and the observed sputtering rate would be
reduced, Most other studies do not consider this
effect and conclude that the incident ion energy is
unchanged and the actual sputter yield of the chemi-
sorbed surface layer formed i{s reduced,’» This is
the mechanism assumed for the model described herein.

Following Hrbck,16 {t i{s assumed that the sput-
tered flux of the metal surface Fg,» 18 a linear
combination of the sputtered fluxes at full coverage
Fu=} &nd that of a clean metal target Fg=g+ In
that case

Fy * Fgug(l = 6) 4 Fyuy0 ()

Fy cen be correlated with the jputtering data of
Figs. 2 and 3, becsuse the spectral intensity is as-
sumed to be directly proportional te the sputtered
molybdenum flux

The ecquilibrium chemisorption-sputtering pro-
cess can be described by a simple rate equation

1Z2(P)arom = Fp » em 2 sec”l ()
wvhere
s sticking coefficient
Z(P)atom arriving flux of reactive gas atoms
Fa removal flux of adsorbed gas atoms

The species of particles reroved during the
sputtering process in the presence of a reactive Sus
may be either in the atomic, molecular, or ionic
state -3 Usui1lly, the fraction of molecular and
fonic speci s is considered to be small. Winters
and Siymund33 concluded that only nitrogen atoms
were sputtered from tungsten  Thercfore, in the
rate equation tor the removal flux, Fyr was chosen
which describes atomic removal wechanism., If molec-
ular removal were to by considered, FA’ would have
to be used 1n Eq (6) 3%

The ratio of sputtering at a given level of
adsorption to that of a clean metal surface was de-
finud as FL/F' o which can be calculated by elimi-
nating J from iqs (5) and (6) and choosing one of
the stiching cocfficlient functions

Seclection of & = s,(l - 0) results in-

F » o2 (P) F.
ey e —2_ [y . =L @)
Foo VTEI RN Foe

The chofce of s = s (1 - 1)2 results ine
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Fo _ @somz(®) = Fa) + VIEs - 205m2(P) 12 + 68,2(P)IFy = 8omiz(P)]

8
Fa.o 25,Z(P) ®
wvhere On the other hand, Ref 41 indicates two desorption
F peaks at 100° to 230° C and 440° to 520° C. This
o = =1 implics that some mercury coverage is still possible
Fu-o at the steady state screen grid temperature of

A discussion will follow concerning the assumptions
{n cvaluating cach parameter in Eqs. (7) and (8).

Adsorption Rste

Z(P) represents the total flux of reactive gas
particles arriving at the target surface  That
flux can be cvaluated by kinctic thoory, with the
assumption that in equilibrium the number of reac-
tive particles entering and leaving the thruster
are equal. This implies that there {s no steady
state gettering of reactive gases {nside the dis~
charge chamber.

The flux of molecules of reactive gas arriving
at the screen grid surface {is

3sn022p

Z(®) ol T, wm sec~l )
MT,,
where
P partial pressure of rveactive pas, torr
M molecular weight of the reactive ygas, amu

Tw temperature of reactive gas taken to be equal
to the facility wall temperature, N

The flux of atoms chumisorbed on the target sur-
face is equal to 25,2(P)g,1 Because nitropen is
chemisorbed dissccfatively Z(P), oy s used in

Eq (9). P was obtained from the total jas pres-
sure gauge inside the vacuum tne litv,  Because ot
the discharg,e plasma processces, the nitrosun fnci-
dent on the scrouen grid consists of a varlety ot
specles including Ny, Na*, N, and NV It is of
fnterest to know the t-action ot ecach species 1ne
side the thruster because the sticking coctticients
of cach species may be difforvnt  Fstimates, using
the model of Rets 30 and 37, indicate that only
about 2 percent ot the nitrowen 1s {orized or dis-
sociated {nside a 30-cm thrustor opurating at 2 A
beam and a 50 veolt discharge voleage The sticking
coefficient, s, of Nt and N on wohvbdenum 2t the
thruster e\perimental conditions hnve boen moasurdd
to be butween 0 75 and 1 0

Values found in the litorature ot the stiching
coefticiont, s,, “or molewular nitiopen on clen
wolybdenum vary trom 0 02 to 0 Y ===y tne
of the reasons for the large vdriition in vilues ot
the sticking coctticioent is that the studies have
included miny difteront hainds of surfaces such s
filaments, thin tilm=, nd w1y le crvstals ALl ot
the calculations made horetn assume only dissocia-
tive nitrowen chemisorption and a velue of 0 75 was
chosen as a reprisontative sticking codfticiunt on
clean molybdenum tor this study LT he other
values of pararcters usud for the eviluation of
Egqs  (7) and (B) were Ty = WO KR ond M= 25

In this study, it {s assumcd thit no mercury
is adsorbed on the molybdenum surface  The data
available pives fnconclusive results Refs 39
and 40 show zero covcrape above 275% to 3259 ¢

350° c.

Total Removal Rate

Th. reroval rate, F,, could {nclude evaporation
and sputtetring. Desorption spectra of chemisorbed
nitrogen on molybdenum ind;;asc that evaporation
commences at about 5000 € “4+49,%1 peference 9
finds that Mo)N films formed by sputtering molyb-
denum in the presence ot nitropen are stable ac
«00° ¢ and 82107° torr. Because the screen grid
temperature ot a thruster i{s loas than that temper-
ature, it was assumed that sputtering is the only
significant removal mcchanism of the adsorbed gas.
Therefore, the sputtered flux, Fp, may be written
as,

JyeT Jyptt+
Hg RHE'
AT Sg* S (sg+t - 25g4) (10)
Hy
where
J"gT total mercury fon current density, A/cm2

Iyt doubly fonized rurrent density, A/cm?

Sg+ sputter yicld of adsorbed gas by singly
changed {ons

Sgt+ sputter yicld of adsorbed gas by doubly
changed 10ns

¢ clementary charpe per fon

It {s usually assumed that (Se++);, = (Sgt)2E, where
E s the 1on enerpy The avetrape value of J"gT
w1s determined to be 3.5-10°3 A/und from the mea-
sured saturited fon current to the screen grid at a
beam current of 2 A

The current dunsity profile of a 30-cm thruster
{s not unitorm It is likely that the optical spec-
trometer moasutroents indicated molybdenum intensi-
tics represontiative of averape valies rather thon
perk valves Theretove, an werape current density
Jip. T was chosea tor the caleulation A value of
0 109 for the ritio J“‘Qt/:)"kr was obtatned when
the ditt of ket o2 was exwrpolated to a discharge
volt ne ot S0 volts,

It i< beliovad that the parameter S contains
the preatest uncort nnty in the calculations There
has been very little exporinental work done in mea-
suring the sputter vields ot adsorbud gases Refer-
ence 33 measured yiclds of mitropen chemisorbed on
tunisten by vartous tmert 3 1s {ons.  Reference 43
his nelsured sputtoring «ross scetions (sputter
yicld « number ot atoms in 1 monpolayer coverage) of
sultut (hemesorbed on nichel as sputtered by inert
p s aens sputtering ditv is compared to theoreti-
cal models and greement is cliaimed by both authors.
Best aprecmer t betwecen thaory and data appears in
Ret 33 for the heavy {nert pasces such as >enon and
ktypton The values o1 S0 usdd tor this study
were crlenlated usiny the thoors ot Rad 33,0 The
model and cilculations are piresented in the appen-
dix The throe possible colliston mochanfsms con-
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sidered, as shown in Fig. 6, are* (I) direct
knock-off by the collision of the incident ion and
adsorbed atom, (II) removsl of adsorbed atom due to
reflected incident ions, and (III) sputtering of
adsorbed atom due to ccllision of adsorbed atom
with the sputtered target atom. It is found that
at low ion energies, direct knock-off by incident
ifons of adsorbed atoms (mechanism I) represents
frow half to all of the total sputter yield (Ref.
33 end appendix). Mechanism II contributions are
uncertain due to the uncertainty in the value of
the reflection coefficient, Ry, to be used for
Mo-Nj systems. Two values of Ryjp were chosen to
bound the values of the sputter yleld calculated
for mechanism II. Values of sputter yield, calcu-
lated for mechanism III, were found to be negligi-
ble for the fon energies of interest herein. Val-
ues of sputter yields calculated for each mecha-
nism are presented in the appendix.

Values of Sg+ and Sgi+ were chosen from the
curves of the sputter yleld of adsorbed nitrogen
(Fig. A-1) as a function of ifon energy for each
value of Ryy used. An ion energy of 50 eV was ge-
lected to correspond to the thruster discharge
voltage of 50 volts, The removel fluxes, corre-
sponding to these sputter ylelds, calculated from
Eq. (10) are 5.22x1015 atoms/cm? sec (for Ry =
0.5) and 2 29x1015 atoms/cmé sec (for Ryz = 0).
Winters and Sigmund state that the lower value of
Ry is probably more realistic.

Magnitude of the Effect

The ratio of the molybdenum sputtering rates
of the completely covered surface, Fy_ 4, &nd the
clean surface, Fj.g, was obtained from the low and
high pressure plateaus of Fig. 3 for a discharge
voltage of 50 volts and zero blas A value of 01
was obtained., Figure 1l also indicates that a value
of about O 1 is appropriate for a discharge voltage
of 36 volts. At this time there ‘s no known model
which may be used to predict the magnitude of the
reduction of the sputtering rate in the presence
of a reactive gas at low ion erergles Refer-
ence 44 suggests that the magnitude be evaluated
from the ratio of binding cnurgies of the clean
metal surface and the compound formed with the re-
active gas Ihis is proposed because according to
Sigmunds45 sputtering theory at intermediate ion
energy ran, . ..e sputter yicld is inversely pro-
portional %~ _he binding energy of a substance
The results, however, are not conclusive and ac-
tual data (Fig. 3) was used for the calculation

Comparison of F«periment with Sputtering Model

Figure 7 shows the comparison of the experi-
mental data of the zero bias curve of Fig. 3 with
the sputtering rodel (Eq (7)) The two curves
using Fp = 5 22 1015 and 2 29-101° atoms/cm? sec
represent the two limiting values used for the
sputtering yleld of the adsorbed ras It is evi-
dent that the choice of the lower value of S.,
which ussumed an ion rcflection cocff{icient of
zero 1s in good agrecement with the experimental
data This result indicates that the dircct colli-
sion (mechanism I) is probably the dominant sput-
tering process It should be noted that the ratio
of limiting values Fp-)/Fh.g 1in Eq (7) was ob-
tained from the erperimental data of Fig 3

The removal rate, Fx, can also be caiculated

o

from EqQs. (4) and (6) with 6 = 1/2 as

Fp = 8,Z(Pgay/2) 11)

from vhich an effective sputtering yield SG eff
can be obtained from the following equationm,’

JugT
8,2(Pou1/2) = —¢~ Sg,eff (12)
with Z(Pe.l/z) evaluated at Pga.ysp where

Fosr/2 1 Fo-1 |

Foap 2 Foug

Sg,eff represents a sputter yield where the differ-
ent charged ifon species are averaged., Equation_(11)
results in a removal rate of 2.67x10l5 atoms/c? sec.
Use of Eq. (12) gives a value of § equal to
0.126 atoms/fon. Table 1 presents the values of
SG,eff calculated for the other curves of Fig. 3.
Comparison of these values with those presented in
Table A-1 for 5 (with Ry, = 0) indicatc that Sg+
is in good agreement with Sg off at a glven ion
energy. This occurs because the ratio of Iy ++/
ZJHgT from Eq. (l0) is small and Sg; does ngt in-
crease rapidly with ifon energy

As previously discusced, various models of the
sticking coefficient can be used., The two functions
chosen were s = s (1 - 0) and 8 = s,(1 - 6)-.
Figure 8 shows the co=parison of the two sticking
coefficient models using F, = 2.67x1015 atoms/

e sec. It was noted before that for dissociative
nitrogen adsorption the s = s,(l - 6)¢ equation
approximated some dzta found in literature. In
Fig. 8 it a,pears that to fit the experimental data
of this study s = s {1 -~ 6) is a better approxima-
tion. This may be due to the smsll but very reac-
tive fraction of nitrogen atoms and ions present in
the thruster discharge chamber.

Discussion of Criteria for Predicting the
Onset of Environmental Effects

Several criteria have been developed in the
past for evaluating condi{tions for clean surface
sputtering A brief discussion will follow on each
of these

Flux ratio Yonts and Hatrison46 derived one
of the earliest criteria in 1960. It requires that
the ion beam density inczident on tne target should
be much greatcr than the particle density of the
backgreund gases., At 1.10-0 torr, where an effect
in the thruster is observed, the ratio for our ex-
perimental conditions becones

JiaT . 2.12<10"® jons

>> 1
P107® torr) s.1»1014 ™!

2(

Therefore, the mercury fon flux to the screen grid
is found to be much greater than the molecular ni-
trogen flux Thus, the criteria is found to be in-
adequate for the conditions of our study.

pPoisoning ratio The ability of the ions to
sputter the adsorbed gos is the Iimportant criterion
Thereforc, a "poisoning ratio' was defined in Ref
47 as the ratio of the arrival flux of recctive gas
to the removal flux of the target atoms (including
the adsorbed gas) This ratio was used for Al-0p
systers Lombarded with hagh encrgy (2 5 to 10 keV)
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ions vhere the sputter yfelds of the adsorbed gas
and clean metal are probably comparable. As shown
earlier, the large differences in sputter yields
between the adsorbed gas (nitrogen) and the clean
metal (molybdenum) at low ion energies lead to a
modified “poisoning ratio," equivalent to Eq. (6),
which requires the use of the sputter yield of the
adsorbed gas

Transition pressure., Reference 11 defines a
transition pressure, P_ (torr), at which a chemical
reaction takes place between the target surface and
the chemisorbed gas

P, = 34';%3 (13)
where
R sputtering rate of the clean target, lexn
Py partial pressure of recactive gas, torr
G  Gibbs' free cnergy function for the reaction,

kcal/role

The author claims excellent agrecment between
his model and sputtering and thin film deposition
measurerents, but it will be shown, that this equa-
tion in its present form appears not to be valid at
the fon energy range of our inturcest

As shown in Fiy,s 2 and 3, tue pressure range
over which the c¢ffect takes place 1s quite large
(~2 orders of magnitude), theretore, the defimetion
of P, {is difficult to detine P, may be deter-
mined approximately from the data ot Fig. 3 as the
point where the tangent at the cunter of the curve
(point of symmetry) deviates trom the curve at the
lower part of the curve The tiransition pressure
values of the four data curves trom Fig., 3 are
listed in Table |} These values of Py, as a func-
tion of bias, are compared to the bchavior ot Py
as predicted in Fg  (13) and arc -hown in Fig 9.
The calculited tringition priss1 ¢s were obtained
by using the appropriat. sputter yiclds ot molyb-
denum trom Ref 48 In order to compare the rela-
tive behavior of Eq. (13) with the results frow the
data ot Fi, 3, tie cuive was normalized to a point
where the discharpe voltine was 50 volts and zero
grid bias.

It 1s apparent thit the (ileulated P, basud
on the metallic sputter yicld prodicts a mich
lar,er incrcase with jon eneryy tham wis obtained
from F1p 3. A much bettur agriemoat 1s tound when
the transition pressure 1s assumed to bo propor-
tionil to the sputter vield ot the wdsorbod pas
The sputter vicdlas, SO fts Werv obtnndd by usane
Eq  (12) ind the data ot Fig 3 and re listed an
Table 1 [quation (12) shows that tor = 1/2
the shite with prossure of the  wtterine rite
curves is proportional to the sputter yireld ot the
£as k'(Z,th'

The ayreament clamed by Castollanoe may ocour
because gt hipgh 1on wncrnies whore his studios were
made, the sputter vields of the wdsocbed v oae nd
the tinnet cloan surtace may be about cqual 33 ¢
tow 100 (nerpics, s tound 1n our study, the sput -
ter yields ot the adsorbed s and the et metal
appear to be quite dittoront Qur timited mount
of data suivusts that the sputter vield ot the KIS
rathor than the tirget should bo used an calou-
latiny, the transition prussure, P,, trom bq  (13)

Estimated Envircnrental Effect at Discharge

Voltawce of 32 V

lormal operating conditions of a 30-cm diameter
Hg lon thruster are a beam current equal to 2 A and
a discharge voltage cqual to 32 volts. At these
conditions, as pointed out earliar, the sputtering
rate is affected by the facflity environment, The
model that has been developed in this study offers
a means of calculating the effect st a given facil-
ity pressure. Data in this study has been presented
dealing only with nitrogen, therefore the extrapola-
tion to discharge voltage of 32 volts can only
strictly apply to nitrogen pressure in the facility
According to Ref. 19 all vesidual gases tested that
are found 1n a typical vacuum facility showed sput-
tering characteristics similar to that of nitrogen,
However, in order that the effect of all residual
gases be included in the model more sputtering data
will be required alony, with a better understanding
of how various gases are adsorbed and sputtered on a
surface in the prescnce of each other It should
also be recalled that many assumptions were made in
the model where accurcte information was lacking in
the literature such as the sticking coefficient
function, the neglect of mercury adscrption on the
target surface, neglect of other possible reroval
mechanisms, and finally the many assumptions that
went into the calculation of the sputter yield of
the adsorbed a..

The estinated environmental effect of nitrogen,
at o discharge voltage of 32 volts, is seen in Fig.
10. Thas curve is a plot of Eq. (7), using the
sputier yield of nitrogen at 32 volts as obtained
from the appendix EL:’.IF‘,=0 was chosen to be the
s-me as for discharge voltage of 50 volts, From
Fig. A-1l, it {s evident that at this low voltage,
the curve for the sputter yicld is much steeper than
at the bhicher ion encrgies, Therefore, a smail er-
ror 1n the 10n enervy will tesult in a rather large
change 1n the calculated sputter yield which will
lead to a correspondum error in Fig. 10

The temperature of the screen 3rid is cooler at
the normal operating conditions than those for the
conditi ns of Fi1p. 3. This may result in an in-
crerse of mercury wdsorption on the screen grid sur-
face, thus complicatim, the adsorption-sputtering
processes discuesad in this study  Negleeting these
possibilities, 1t 1s seen frem Tig 10 that opera-
tion of a thruster n aitrojen .(mosphere at 1.10-7
torr, results «n a sputtering rate of the molybdenum
scteen yrid whtih 1s oaly about 12 percent less than
that ot (loan surface conditions

Cow lusions

In the pist, sputtering rates of ion thruster
componunts hwve been observid to d  rease substan-
tially s the biackuround ) 25 pressun in the test
Facility was 1mereased  Relative sputtering rates
ot the ~e=cen prid bave boen detormined by spectral
intensities 15 tunctions oo various thruster param-
cters in the prosonce ot cne of the reactive gases,
sucht is nitrogen, jonertlliy found 1n ¢ vacuum fa-
ciity In this paper suriawe-3as interactions are
discussed that are thouwht to be possible for the
cavirenmoatal ittt Chuntsorption was found to
be the mechinasm that most likely leads to 1 reduc-
tion ot the sputter yteld of 1 surface ia the pres-
cuee of 1 rorcting pas. A madel was presented

e e e iy ¢ St o 1S T



.’V.‘x’!',")‘w o T T g 'A"‘“‘«*!’

T

Tem s

-—

€ RS VLA R B oA P e Sn b g S Sl e WWR s o e o < =T

2 e e e Al s . s oa o A < =

L J
which sppeared to be in general agreement with the
experiicental results. It assumes that sputtering
i{s the only removal mechanism of the chemisorbed
gas. The sputtering yfeld of the adsor:d ges is
shown to be a deternining factor of the sputter-
ing rate of a metal target in the presence of a re-
active gas. A sputtering yield of the adsorbed gas
was calculated using the theorctical model of Win-
ters and Sigmund It was found that at the low ion
energies existing in an ion thruster, sputter
yields of adsorbed gases are substantially higher
then the sputter yields of metals considered.

It was found that models are available which
show promise in determining the onset of an envi-
ronmental effect. However, determining the magni-
tude of the effect, at least at low ion encrgies,
one must still rely upon experimental methods.

An attempt was made to predict the magnitude
of the environmental effect at normal operating
thruster conditions of 32 vclts and 2 A beam., At
these conditions it is impossible to measure the
effect experimertally due to large vacuum facility
lim{tations. It is concluded that the effect is
not large at 1<10~7 torr of nitrogen pressure
However, it is felt that more data {8 required in
order that models presented in this study can ve
applied to general thruster test facllity coadi-
tions.

Appendix - Theoretical Model of Sputter Yields
of Chemisorbed Gases

The model of Winters and Sigwurd33 essumes the
sputtering process of chemisorbed gases on a metal
surface to be due to a seiles of birary elastic
collisions involving the bour arding ions, the metal
target and the adsorbed gas. With similar argu-
rents, Sigmund has been able to calculate, with
reasonable accuracy, the sputter yields of "clean"
materials at intermediate and high energies 45

The sputtering process is postulated to be
composed of three mechanisns,33 as fllustrated in
Fig. 6, which include

(I) An incident 1on collides directly with an
adsorbed nitrogen atom, which is then reflected
from the target tattice The scatter.ng process
is approximated by Thomas-Fermi power cross scction
with a Born-Mayer zero power interaction chosen for
low energy 1ons. The contribution to the sputter
yield of atomic nitrogen duc to this mectanism is
cbtained by combining Lqs (8) and (5) of Ref 33
(assuming a zero power interaction) to yield

n3Cy3
SI lrean (In x) (Al)
where
Yq4E MM
SOURL Ui L) NP G
Uz ? i) 2 13 () 2 o
01y + M)

nj number of atoms contained .n a saturated
monolayer

screening radius equal to O 219 A%S
constant equal to WA

E incident 1on energy, oV

Uy binding energy of the odsorbed atom, eV

M molecular weight

"
% . <
.

R s Tk ]

] angle of {ncidence of the ion
Co constant

(Particle subscrints are defined in Fig. 6.) Sig-
mund states that the screening radius or the con=-
stant A, may be off as much as a factor of 2.4

(I1) The incident ion penetrates into the tar-
get and is eventuslly reflected. On its way out it
knocks off an adsorbed atom. The ratio of this
spu;ter%ng vield, Syg, to that of S7 is Jerfved
to be:

S
ALog,le - ._ﬁiégﬂ_i__ cos O (A2)
°1 3(x - 1)

where Ry 1is an experimentally measured ion re-

flection coefficient dependent on the angle of in-
cidence and ion energy. This calculation assumes

a power intera.tion of m = 1/3, but according to
Winters and Sigmund it 48 suf{ficiently accurate for
a8 qualitative estimate to be compared to m = 0
interactions,

(III) The incident fon sputters & target atom,
vhen the ion is ejected it knocks off an adsorbed
ion., The contribution from this process is calcu-
lated by:

Usn,S

273512 (1 - [(1 + log v)/yl]

Stir ~ 4v23€23 g zl“y :
a- 723/Y)

(A3)

vwhere

Y = Y12v23F/U3

€3 2 Cy

Uy =~ sublimation energy of the target

Sy2 sputtering rate of clean target at ion energy
E

Assuming that the souttering processes are ad-
ditive, the total sputtering yield becomes

Sg =Sy +S11*S111 (M)

Discussion of Model

Table A-1 shows the calculated sputtering
yields for each of .he three mechanisms described
above for nitrogen chemisorbed on mol ybdenum and
bombarded by mercury ions. In making these calcu-
lations several assumptions were made, which will
now be discussed,

Ihe constant, n,, in Eq. (Al) was taken to be
lxlol atoms/em?2 Tals number represents a mono-
layer coverage in which approximately each surface
target atom has one chemisorbed nitrogen atom at-
tached to it Under normal molecular dissociative
adsorption conditions, lcss than a complete mono-
layer of nitrogen on molybdenum is possible Under
conditions, sach as existing on a mercury thruster
the presence of molecular or atomic nitrogen, ad-
sorption sites may be f{illed which normally &re
not

Difficulty arises in choosing the proper value
of the binding enerpy, U4, because of the lack of
availible data in the literature. Winters and
Sigmund approximate the binding energy for atoms
as one-half the sum of the dissociation energy end
the heat of adsorption. lo~ a W-Ny system they
estimated this value to be 6.7 ¢ For lack of a
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better number, the game value will be used here for 6. Hasseltine, E. H., Hurlbut, F. C,, Olson, N. T.,

Mo-N, system, and Smith, 14 P., Jr., “Cesium-Jon Bombardment
of Aluminum Oxide fin a Controlled Oxygen Envi-

The fon reflection coefficient, R)p, repre- ronment," Journal of Applied Physics, Vol. 38,

sents a parameter which is alco not readily avail- Oct. 1967, pp. 4313-4316.

able in the literature, There even appears to be

some anbiguity in defining the re.lection coeffi- 7. Abe, T. and Yamashira, T., “Tte Deposition Rate

cient. For most gas ions incident on a clean of Metallic Thin Films in the Reactive Spute

:ungsten surface the reflection coefficient of tering Process," Thin Solid Films, Vol. 30,

10°% to 10-2 have bzen measured for ion energies 1975, pp. 19-27.

between 100 to 1000 volts 30 values between 0.1

and 0.4 (increasing with decreasing io1 energy) 8. Hollands, E. and Campbell, D. S., "The Mecha-

have been measured for alkaline metal ons on a nisms of Reactive Sputtering,” Journal of

molybdenum surface,39 It has been obs:rved that Materials Science, Vol 3, 1968, pp. 544-552.

Rja2 appears to increase with increasing impurity

levels on a target surface Winters and Sigmund 9. Nagata, S and Shoji, F., "Structure of Film

believe that Spyy was overestimated by their choice Prepared by Low Eknergy Sputtering of Molyb-

of Rya equal to 0.6 Therefore, following their denum,' Japanese Journal of Applied Physics,

example, two values of Sg are presented in Ta- Vol. 10, Jan. 1971, pp. l1-17.

ble 1, one vhich assumes Rjp equal to 0.5 and the

other equal to cero. 10. Gerstenberg, D. and Calbick, C., J., "Effects of

Nitrogen, Methane, and Oxygen on Structure
and Electrical Properties of Thin Tantalur
Films," Journal of Applied Fhysics, Vol. 35,

It is evident from Table A-1 that contribu-
tions to S from S; and SIE (when Rj, = 0.5)
ch

dominate. 8n1y at energles ruch larger than 100 Feb. 1964, pp. 402-407.
volts does Sjypy contribute significantly to the
total sputtering yield 56'33 11. Castellano, R. N , “Reactive Ion Beam Sputtering
of Thin Films of Lead, Zirconmum, and Tita-
Figure A-1 summarizes the various sputter nium," Thin Solid Films, Vol. 46, 1977, pp.
ylelds of nitrogen on molybdenum as a function of 213-221.

mercury ion energy. Shown are the tuo calculated
curves of Sg using the two limiting vzlues of the 12.
reflection coefficient. For comparison the sput-
tering yields of nitrogen chemisoroed on tungsten,
as sputtered by xeron ions,33 as well as the sput-

Castellano, R. N., "Reactive Sputter Etching of
Thin Films for Pattern Delineation,' IEEE
Iransactions on Components, Hybrids, and
Manufacturing Technology, Vol. CHMI-1, Dec.

tering yield of 'clean" molybdenun by Hg ions are 1978, pp. 397-399,

also snown. As pointed out in the main text of

this rcport, best agreement between theory and 13. Bomchil, G., Buiguer, F , Monfret, A., and
thruster exoeriments was found wnen the S§g, values Galzin, S , "Reactive Sputtering of Indium
with Ry = 0 was used. Similar results were

Targets in D C Triode Configuration,'" Thin
Solid Films, Vol. 47, 1977, pp. 235-240.

found by Winters and Sigmund. Steep decrease in
Sc for ion energles less than 40 oY remains to be

verificd experimentally. 14. Cantagrel, M. and Marchal, M., "Argon lon Etch-
ing iu a Reactive Gas,' Journal of Materials
Scie ice, Vol 8, 1973, pp. 1711-1716,
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TABLE 1. -~ EFFECTIVE SPUTTERING YIELD OF ADSORBED
NITROGEN AS CALCULATED FPOM EQ. (12) AND
TRANSITION PRESSURE AS OBTAINED FROM FIG. 3

Ion energy (discharge sc,eff» Transition pressure,
voltage + bias), atoms/ion Poy
torre
50 1.26x1071 7<107%
6) 1.73n107¢ 8+107
70 2.10<10°1 91076
20 2.34x10"1 1~1073

TABLE Al. - CONTRIBUTIONS OF VARICLS SPUTTERING MECHANISMS OF
CHEMISORBED NITROGEN ON MOLYBDENUM BOMBARDED WITH MERCLRY IONS

(ng = 121215, Uy = 6 7 ev, C, = 1.8-10716.]

Ton enersys | 51 S11 Stit |Sg = S1* Sut S
Ry = 0| Ry, = 0.5 Ryp = 0f Ry = 0.5

30 1.6°2 0 1.83°2 | 2.0473 ) 162 3.4372

40 6.7872 0 8.03°2 | 6.5575 | 6.78"2 | 1.48"1

60 1.41°1 0 1.75°0 faaré] 1417l | o367

80 19371 ) 2.46°1 | 1.3173 | 1 oeatl | 407t

100 2 3371 0 3047l F2.9973] 2,361 | 5,397
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Figure 1. - Screen grid erosion rate as a function of fa-
cility pressure  Beam current, 2 A (fig. 14 of ref, 2).
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Figure 2 - Mol (3798. 8 nm) line intensity as a function of
facility pressure with nitrogen added. Beam current, 2A.
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Figure 3. ~ Mol {3798.8 nm) line intensity as a function of
' facility pressure with nitrogen added, Beam current, 2A,
' discharge voltage, 50 V.
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Figure 4. - Comparison of various sputtering and deposi.on
rates in the presence of oxygen.
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Figure 6. - Postulated sputtering mechanisms of adsorbed gas (ref. 33),
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Figire 8. - Comparison %elween sputtering data (fig. 3) and
eqs. (7) and (8) as a function of facility pressure vath ni-
trogen added, Discharge voltzge, 50 V, 0 bias, beam cur-
rent, 2A,
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Figure ¢ - Comparison between measured and calculated

{eq (131 transition pressure as a function of efiective
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