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Abstract

Sputter yicldshave been measured for chemically-
vapor deposited polycrystalline diamond, carbon-carlron
composite, and molybdenum subject to bombardment with
xenon ions at 150, ?50, 500, and 750 clectron volts. The
yields for molybdenum and carbon-carbonincreased
monotonically with energy, as expected, with values
ranging from 0.36 al 150 ¢V to 1.4 al “150 ¢V for the
molybdenum and ().1 3to 0.2.6 for the carbon-carbon. The
yicld for the polycrystalline diamond was non-monotonic
in encrgy, duc mostlikely 10 the surface topography. The
diamond yield ranged from ().1? to 0.33 over the range of
cnergics investigated.

1 Introduction

In recent years there has been significant progressmadein
the production of chemically vapor dcposited (CVD)
diamond films. Improvements in quality, reproducibility,
and growth rates (> 10 mm hr1) have made diamond films
attractive for a variety of applications in the fields of
clectronics, optics, and tribology, among others| 1]. One
potential application under evaluationat the Jet
Propulsion laboratory involves the use. of diamond films
as coatings for ion accelerator clectrodes which are subject
to sputter erosion [2]. While much has been published in
the CVD diamond literature regarding its electronic,
optical, and mechanical propertics, there. is relatively little
in the way of sputter yiclds, and none to our knowledge
specifically for bombardment with xenon al energics less
than 1 keV,

The feasibility of using diamond films as an clectrode
material for ion thrusters is dependent upon a number of
material propertics in addition to the sputter yicld. These
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include thermal conductivity, electrical conductivity, and
coefficient of thermal expansion. These properties have
been discussed in a previous paper (2] in addition to
fabrication issue.s and relative erosion rates atcnergies of
500" and 750 cV. In this paper, we presentresults for the
at ssolute sputter yield, and corresponding erosion rate, of
diamond subjcct to xenon ion bombardment at cnergics of
150, 25(), 500, and 750 cV. While. polycrystalline
diamond was our primary intcrest, we were also interested
in its yield rclative to molybdenum and carbon-carbon
composite, both inuse as clectrode matenals,

11, Experunent

An important consideration when conducting sputter
yield mcasurcements is 10 minimize the influcnce of
residual facility gases. Previous work suggests that the
presence of nitrogen can lower the erosion rate of metals
whereas oxygen has been shown toincrease the erosion
rates of carbon based materials. Reactive ion etching is
onc technique which has been used successfully to etch
structures in diamond. In this technique a NO?2 gas jet
incident on a diamondsuiface is used while the target is
under bombardment with ? keV xenonions [4]. The
incident ions in this case provide. the activation cuergy
required to form (() and COp volatiles. Minimizing
contaminationis therefore essential to reduce the chances
of rcactively eroding the carbon targets and obtaining
artificially high sputter yields. For these rcasons the
present test was conducted in a facility capable of
relatively low ultimate. pressures.

The system used was an ultra-high-vacuum chamber
with a 3 cm Kaufman ion soorcc (Commonwealth
Scientific Corp.) normally used for sputter deposition. The
vacuum chamber gecometry is depicted in Fig. 2. The
systc.in is pumped with a turbomolecular pump (1 15
1./sec) backed by a small mechanical pump (().8 1./scc)
down intothe 1074 Pa (10°Yorr) range and then with a
6" cryopump (1 S()() 1./see) tothe 1()- /Pa 20-9 Torr)
range. ‘1 'he basc and test pressures for each of the cam arc
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summarized in ‘1 able 1. As an additional measure, the
chamber was baked al over 10() C every cvening for
several hours.

Onc drawback of using a chamber mecasuring
approximately 12inches high by 15 inches wide is the.
relative in flexibility of sample and probe place.rncm. The
sample.s were. located approximatcly ?.6 inches
downstream of the source exit plane, Although this
resulted in relatively high incident current densities, and
hence shorter testti mes, it also resulted in some non-
uniformity of the ioncurrent profile overthe samples.

Thepresentexperimental approach included centering
the probe onthe point of maximum current density in the
beam. This also introduces a non-normal incidence angle
into the experiment. In addition, divergence of the ion
beam also increases the angle of incidence. The angle of
the target mount with respect to the source center-line is
listed in Tablel along with the divergence angle. A
rcasonable estimate of the. incidence angle at the large.1
(mcasured from the surface normal) is the sumof time
two angle.s. Unfortunately, we do nothave data for the
mountangle cor Ic’spending to the 500 CV case, but from
the data at the other energicsitis likely the mount angle
was between 6 and 12 degrees. The incidence angle was
therefore sonic.whce.rc in the range of 910 2.2 degrees
allowing for the uncertainty in the dive.rgencce angle..

111, Data Analysis

The present work utilized the technique where the.
depth of the eroded valley inthe target material is
mcasurcd with a micro-stylus or profilometer. One
assumptioninherent in this approach is that the. valley
depthrepresents an averaged volume removed per unit area
where in fact itonly represents the eroded profile. at the
location where [he. trace is taken. A true average would
require multiple profilometer scans and [hen anintegiation
of the “slices” to calculate the eroded volume., The diagram
in Fig. lillustrates the relevant dimensions usedin the
calculation of croded depth. Measuring the depth only at
the center of the valley docs not adequately take into
account the profile of the valley walls which may not be
vertical. 1t was found that the molybdenum tended 10 have
more ver tical walls than the polycrystalline diamond in
which the valley walls sloped gently. In order to calculate
a sputiered volume per unit arca, or mean cffective depth,
the depthprofile was integrated according to
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Thetraces obtained from the profilometer were
scanned into a computer and digitized. In addition to
facilitating the integration in Eq. 1, this digitized mesa-

valley-mesa profile could be subjected o statistical
analysis 10 quantify surlace roughness.
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Fig. 1. Schematic of profilometer trace
illustrating mesa curve fit which defines
datum for depthincasurements.,

A lcast squares linc fit through the mesa points
establishes a datum, y(x) ..., from which the valley
depthat each x location can bemeasured. ‘I’here is a
standard deviation associated with this iinc fit as a result of
the mesa surface. roughness whichis incorporatedinto the
overall uncertainty estimate. The effective depth hq,] is
then used 10 calculate the number N ,of target atoms
removed perunit area;

N
NA H pht/] "A;V(‘ (2)

where N, is Avogadro's number, M the molecnlar
weight, and p the target density. The values for the
sample density used in calculating theyiclds were 10.2
g/cm3 for molybdenum, 1.65 g/cm3 for carbon-carbon,
and3.5pjcm3for the CVD diamond Because of difficultly
measuring the CVD sample volume thedensity was
estimatedto be that of single crystaldiamond. SEM
imaging of [he. sample did notreveal any cvidence of
porosity indicating this is a good assumption.

A planar probe wasusc(1 to measure currentincident
on the target. Thisprobe sut face was a 0.063" diaracter
tungsten disk which was biascd to ?5 V. Mow facility
ground to repel clectrons. There are several effects which
contribute to the experimental uncertainty in the reported
mcasurements. These include secondary electron emission
fromihe probe as well as collection of doublyionized gas
atoms and charge exchange ions, The measured carrent was
cairected for secondary electron emission using data from
Ref. 3. This correction is small (1 .4-1.5 percent) for the
tungsten probe vsed. A gasutilization ¢ fficiency and ratio
of double 10 single ton current was calculated for cach case
using the methodology describedin Ref. 10. The results of
these calculations arc shown in Table 1.




Because the base pressure for these tests was relativel y
low, the dominant source of gas atoms which arc available
to become charge exchange ions will be the unionized
xcnon from the discharge chamber, a fraction of wb ich
will driftout through the grids and into [be. beam. The
ratio of the beam current 10 the total gas mas flow rate
(expressed as a current) is the gas utilization efficiency.
For commercial ion sources used primarily for sputter
deposition (as opposed to propulsion), this efficicncy can
be quilt low mulling in significant loss of unionized gas
through the grids. If the charge exchange current is a
significant fraction of the collected current, a correction
must be made to avoid overestimating the dosage of
cenci gelic sputtering ions. The total current collected atthe
probe is given by

J, = A4 )4,

where J, is the energetic beam curient, ¥, the sccondary
clectron emission coefficient, and J,, the current due to
charge cxchangcions. Becausc onc is really interested in
dosages, the currents arc integrated over the duration of the
exposure T 10 oblain an expression for the total delivered
charge (), due to beam ions.
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The firstintegral in the brat.kc.(s represents the uncorrected,
recorded probe. cur-rent. ‘I’his was intc.grated graphically
from the strip chart data for the probe. The second integral
represents the dosage of charge exchange ions and
generally is not known as a function of time.. Analysis
willl=~ir(iclc-ir]-cell (PIC) computer simulations were used
toestimale the charge exchange current at least to the right
order of magnitude. Based on these calculations a constant
value for the charge exchange current equal 1o 10 percent
of the mean (averaged over the test duration) encrgelic
current density was used.

Rc.cause the probe will count the arrival of a double ion as
Iwo single ions, itis necessary to calculate the equivalent
single ion dosage at the target. IN terms of the double 10
single ion currentratio

A

wc can express the dosage of single and double ions as
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‘1 'hetotal dosage of encrgetic, sputtering ions ai the targel
is [hen

1

The yield is then given by the ratio of atoms removed to
incident energetic ions;

Y =4 5
N ()

f

which canbeexpressedinterms of the. previous
expressions as
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where a constant charge exchange current has been
assumced. Although [he. yicld given by kEq. 6 is corrected
for doublcion dosagein terms of the number of incident
ions, it dots not correct for damage causced by the double
ions whichimpact withtwice the energy. This is a much
more dill icult correction 10 make since one would have 10
have somcknowledge of the yicld as a function of encrgy
which is what is being calculated. As seenin ‘1'able. 1, for
the operating conditions used in these tests, the fraction of
double ions was insignificant,

Inthese experiments the probe (and target) was located
only 6.6 cm (2.6 in) from the source..With the target and
source. in such proximily, a potentially significant
uncertainty in the measured current is introduced by non
uniformity of thec beam profile. During the experiment,
the probe is centered on the point of maximum currentin
the beam. This was checked at various times during the
experiment by moving the probe slightly and observing
the probe ¢ urrent. The eroded portions of the samples arc
located within a 1.27 cm (0.5 inch) diameter circle centered
onthe probe. Non uniformity of the beam resultsinthe
current density decreasing away from the probe. This
situation was worscned by localized crosion of the ion
source. accelerator grid resulting in the complete erosion of
the webbing joining a group of 4 or 5 holes(out of a total
of 4-/5 holes) in the grid. The resulting perturbation in the
beam symmetry was noticeable in a subsequentmapping
of the current profile. 1'0 cone.cl the dose calculation for
beam non uniformity, the density profilc maps were used
to estimate the incident current at the exposed sample as a
fraction of the probe or maximum beam, current,



1V, Results

The yield mcasured for molybdenum is presented in
Fig. 3 along with data from Rosenberg and Wehner [5] and
Weijsenfeldet al. [6]. Both of the.sc previous studics used
plasma sources to provide the incident ions and utilized
measurciment of target mass loss to determine the quantity
of sputtered material. Although a quantitative comparison
is difficult without uncertainty estimates for the carlier
work, the yiclds calculated here arc set.n 10 be greater by a
factor of 1.3 at 750 ¢V up 1o a factor of 3.1 at150 cV.

I'he most significant di f ference between the present
work and the..sc calicr experimentsis that in the present
work the, targets were bombarded al non-normal incidence.
In a study of the cffect of incidence angle on sputter yields,
Wecehner (Ref. 9) determined that metals generally fall into
onc of three classes; those exhibiting a 1) “very slight
angle cffect”, 2) "moderate angle effect”, and 3) “very
pronounced cffect”. Thethird group include.s iron,
tantalum, and molybdcnum. Wehner's data includes sputter
yields for molybdenum as a function of incidence angle
subject [0 heavy ion sputtering (Hg*) at energics of
200cV and 800c¢V. ‘I'his data was used to deterininc an
empirical relation for the ratio of the yicld at some angle
relative to that for normal incidence as function of angle
and energy;

= f(0,E)( <0<30~

The data corrected using thing this empirical relation
is shown in Fig.3. The sensitivity toincidence angle

suggests lbis isalikely source ofthe difference in the
prc.sent results with those of the previous work. Other
possible differences include secondary electron emission,
charge exchange, or double ion current collection.

At low energics (<1 keV) the secondary clectron
emission is roughly constant and less than 2 percent of the
beam current for xcnon incident on the tungsten probe [3].
Thisrepresents only a small uncertainty. The technique
used by Wechner in this previous work, name.ly biasing a
target substrate in a plasma would not inducc a large
charge exchange current since the acceleration of the ions
occurs over arclatively small voluine (sheath). As a result
it is unlikely that he was collecting a significant charge
exchange current which he did not correct for. Finally,
with respect to damage duc to double ions, from the. last
two columnsin “1'able 1, it is evident thatin the present
experiment the role of double ions was negligible. This
eliminates the possibilty that double ions with twice the
kinctic energy could account for the higher yield.

The absolute yicld data for allthree materials arc
presented in Fig. 4, The carbon-carbon yicld increases
monotonically with energy, ascxpected from previous
investigations with graphite. [5]. Unlike graphite, the
carbon-carbon composite consists of graphitic fibers
woven together in a carbonaceous matrix, which is in part
graphitic and part glassy carbon[7]. Although these
targets were polished before testing, examination of the
profilometer traces reveal anincrecase in surface roughness
after exposure to the beam, probably resulting from local
variation in yicld due to non-homogenaiticsin the
material.
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Table 1. Base and test pressures, calculated discharge gas utilization
efficiency and double to single ion current ratio.

1inergy Base Press. | Test Press. | Gas Utilization J"
1ifficiency ‘3
V) (Torr x 1(~)) (Torr x ]()4)
150 77 21 0.022 () .00097
2 5 0 1.1 2.1 0.06-/ 0.00264
500 -... 11.0 2.1 0.088 0.00326
750 2.3, 2.1 0.091 0.00340
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Fig.3. Comparison of molybdenum yield with data of Weijsenfeld and
Rosenberg illustrating pronounced effect of incidence angle. Incidence
angles for present work are listedin Table 2.
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The yield data for the polycrystalline diamond is lower
than expected at an energy of ? 50 eV where it deviates
from a monotonically increasing function. Incidence angle
data for polycrystalline materials in the keV range suggest
a cos‘ldc;xxndcncc [8] in which the yield increases with
incidence angle. Referring to Table 2, an incidence angle
for this case of 17 degrees would result in a yield close to
10 percent higher than that at normal incidence and
thercfore docs not account for the lower yicld, The lower
than expected yield is likely duc to effects of the surface
topography of the sample. Toinvesligate this possibility,
the sample was imaged with an SEM in the eroded valleys
tori’csponding 10 each of the tests. These photographs
reveal a larger density of pits in the surface used for the
150 and 250 CV tests, This face of the sample cotresponds
10 the first layer grown in the deposition process which
may cxplainthe higher density of pits. Itis possible these
arc areas where the crystallites had not completely covered
the substrate during the growth process. In particular, the
valley corresponding to the test at 250 CV is seen to be
noticeably rougher with @ higher surface density of pits. In
gene.ral the yields for rougher surfaces tend to belower due
in part to rc-deposition of sputtered material along side.s of
surface features.

‘I'able 2. Mean current densitiy at target
andincidence angle (from normal)
averaged over test duration.

Encrgy J Incidence Angle

@) | (mAem?) (e

150 _| 027 4/-002 | 145
250 ~0.714/-005. | 122
5(X) . 1.63+4/-0.34 174
750 2.56 +/-0.54 10.2

For cngincering calculations the erosion rate is often
a more meanigful way to present comparisons of
sputtering data since onc does not have to correct for
differing material densitics to assess relative performance.
The erosion rate is related to the sputter yicld by the
following rclation;

. -
T epN

AVO

where ] is the mean current density average.d over the
duration of the exposure. This can be determined from the
previous expression for the dosage of encrgetic ions by

3 1 + 1 44 €
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The erosion rate results for the three materials arc
presented in Fig. 5 with value.s normalized 10 a current
density of 1 mA/cm?2.

Y. Conclusions

Sputter yields were measured for molybdenum,
carbon-carbon, and polycrystallinc diamond subject to
xenon ion bombardment in the energy range of 150 to 750
¢V. Erosion ratcs were calculated for each case
corresponding to a normalized curtent density of 1
mA/em?2. The ratio of erosion rate for diamond relative to
molybdenum and carbon-carbon is listed in Tablc 3. The
ratio at 250 ¢V is high duc tothclower than expecied
erosion rate of the polycrystallinc sample as previously
discussed. The conclusion from these. measurcments is that
CVD diamond can decreasce the erosion rate by roughly 40
percent relative to carbon-carbon, and 85 - 92 percent
rclative 10 molybdenum.

Table 3. Ratio of FErosionrates for
molybdenum and carbon-carbon relative to

diamond.

Energy »].LM"— —RfC;C"

V) K ([)ia h (n.'a
150 6.8 4/- 3.5 1.8 4/-1.3
250 10.8 +/- 3.5 24 +/- 13
500 12.54/- 35 1.6+4/- 1.3
750 11.8 4/- 3.5 1.74/- 13

Aswas discussed in Ref. 2, two appraches arc under
consideration to utilize the lower crosion rates for
diamond. Onc is to coal a molybdenum (or possibly
carbon-carbon) grid with a diamond film, the second is to
fabricate the grid from a relatively thick (1 mm) free
standing film. The extent to which grid life.tirnc can be
increascd will strongly depend on which of these two
approaches is adopted because a coating tens of microns
thick will eventually be eroded through. However, given
the number of companies which currently perform high
quality diamond film coatings (especially on molybdenum
substrates), the benefits in increasedlifetime suggested by
the data arc wor h persuing.
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