Surface-conductivity enhancement of PMMA by keV-energy metal-ion implantation
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Abstract

An experiment has been proposed to measure theonezlectric dipole moment
(nEDM) with high precision at the Oak Ridge Natibbaboratory (ORNL)
Spallation Neutron Source. One of the requiremehtsis experiment is the
development of PMMA (Lucite) material with a suféatly conductive surface to
permit its use as a high-voltage electrode whilmersed in liquid He. At the
ORNL Multicharged lon Research Facility, an R&Dieity is under way to
achieve suitable surface conductivity in poly-méthgthacrylate (PMMA) using
metal ion implantation. The metal implantation &fprmed using an electron-
cyclotron-resonance (ECR) ion source and a receethgloped beam line
deceleration module that is capable of providirghHlux beams for implantation
at energies as low as a few tens of eV. The letessential for reaching
implantation fluences exceeding 1x%m?, where typical percolation thresholds
in polymers have been reported. In this contribytiee report results on initial
implantation of Lucite by Ti and W beams with keheegies to average fluences in
the range 0.5 — 6.2 x 1&m?. Initial measurements of surface-resistivity chesg
are reported as function of implantation fluencesrgy, and sample temperature.
We also report x-ray photoelectron spectroscopyS)<furface and depth profiling
measurements of the ion implanted samples, toifgigrassible correlations
between the near surface and depth resolved ingalaitconcentrations and the
measured surface resistivities.
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I. INTRODUCTION

Seeking to understand the mechanism responsibtadgsroduction of matter in the
aftermath of the Big Bang, researchers have prapasexperiment, known as nEDM
[Golub, 1994], to measure the neutron electric ldmeoment with unprecedented
precision at the Spallation Neutron Source (SN3)damental Neutron Physics
Beamline. One of the technical issues that musidoeessed in the experiment design is
the development of high-voltage electrodes fomtB®M experiment that must satisfy
several challenging and unigue materials critefia.collect the scintillation signals
produced by neutron/He-3 capture events, the meamnt cell and high-voltage
electrodes both must be constructed of poly-matigthacrylate (PMMA) since it has
high optical clarity and will not be significantictivated by the ambient neutron flux. In
order to reach the desired sensitivity, these mldes must be capable of sustaining
electric fields up to 75 kV/cm across an 8-cm ghed with liquid He. Since the acrylic
is not a conductor, the electrode surfaces mustdme conducting; one possible
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approach is to use metallic ion implantation. €hextrode surface resistivity must be in
the range 1DQ < Ry < 1 Q and the implant must be sufficiently robust toviee
repeated cycling between room temperature and aratipg temperature of 0.3 K.
Furthermore, since the electrodes will be subjetarge neutron fluences, the implanted
species must have low activation to minimize résglgamma radiation that would
reduce experimental sensitivity. To prevent distas that would interfere with strict
magnetic-field-uniformity requirements (less thap@n/cm), the electrodes must also be
non-magnetic. This paper reports the status ofrigplantation R&D efforts to produce
sample electrodes that can meet all the aboveremgants, using a newly developed and
implemented beam-rastering and profile-measuresystém. Initial results are
presented for PMMA implantation by tungsten ionthwiocus on characterizing the
induced changes of PMMA surface properties as etifum of the ion implantation

energy and fluence.

The modification of material properties of polymegsimplantation of metal ions has
been investigated for many years. Sofetldl. [Sofield, 1992] studied the formation of a
carbonaceous layer in polyether ether ketone (PHEiyKinplantation of various ions.
They found that the conductivity of this carbonace@yer depends on the ion energy
deposition rate. Specifically, for energy depositiates above 30 MeV ritgem?, the

layer is in the form of a more-conductive damagephite structure, whereas for lower
rates, a less-conductive diamond-like carbon siredorms. Niklaus and Shea [Niklaus,
2011] investigated implantation of gold and titaniions in polydimethylsiloxane
(PDMS) for fluences up to 5 x 0cm? for 2.5-10 keV ions. They described their results
using percolation theory and found different bebes/for the two implanted species.
Due to its higher electronegativity (2.5 vs. 1.54fer Ti), gold tends to form crystalline
nanoparticles and exhibited Ohmic conduction betwthe metallic clusters, whereas the
Ti-implanted polymer acts more as a doped elastavitrconduction due to shifted
Fermi levels. Of more direct application to thiegent investigation are the results of
Bazarovet al. [Bazarov, 1995], who implanted PMMA with 40-kedhis of Fe, Ag, and
Pb. Transmission electron microscopy (TEM) measerds revealed that the
implantation process produces granular films ofrtietals just below the polymer
surface, consisting of metallic particles of widelrying sizes [Petukhov, 2001].
Conduction in this material is due to both the cadreous layer and the granular metal
film. Two mechanisms have been identified for agctebn in the granular metal film via
intergrain electron transport: (1) direct electtonneling between the grains [Adkins,
1982], which becomes dominant at very low tempeestuand (2) thermally-activated
“hopping” [Sheng, 1983]. Bazara al. found that for a broad distribution of metallic
gllrzain sizes in the PMMA, the surface resistiRyaried with the temperature asR~T

In the present article, we first describe our expental approach for producing the
metallic ions at the desired implantation energy fam characterizing the spatial
distribution of such ion beams. We then descrilreset-up for exposing the target
PMMA samples to a large fluence of tungsten ionsath a fixed and a rastered
configuration; the rastered configuration is neetbeproduce, using small-size ion beams
with Gaussian-like profiles, the sufficiently largaiform areas of enhanced surface



conductivity on the PMMA substrate required for seduent high-voltage compliance
tests. Finally, we will describe analysis of tleenposition of these sample electrodes by
x-ray photoelectron spectroscopy (XPS) and initiabsurements of surface resistivity
changes. . Tungsten was used for the present ne@asats only as a prototypical
metallic specie with a reasonable electronegat{@i$6 eV) that had been recently
developed in our facility for an unrelated expenni@eyer, 2013] to test our overall
experimental approach and thus does not necessapilgsent the final choice of metallic
specie meeting all the required properties enuradrabove.

I1. EXPERIMENTAL METHOD
A. lon Beam Production

Multicharged tungsten ions are produced by a Camlectron-cyclotron-resonance
(ECR) ion source at the ORNL Multicharged lon Resledacility [Meyer, 2001] using
the Metal lons from Volatile Compound (MIVOC) tedtne [Koivisto, 1998] based on
tungsten hexacarbonyl vapor as the source gasiohkere extracted from the source at
6.5-kV to 12-kV acceleration potentials and thedividual charge states are selected
with an analyzing magnet. A typical W charge sthstribution of beams extracted from
the ECR ion source is shown in Figure 1. Note dhg to the large Faraday cup aperture,
the resolution is not sufficient to separate the featurally occurring isotopes of
tungsten; each charge-state peak in the figurestead a superposition of the individual
isotopes, each slightly shifted in analyzing fidlee to the slight differences in mass. The
selected W ion beams used in the present study are thenddamsto the PMMA

targets using a large-acceptance beam-deceletatisnmmediately upstream of the
target, as previously described [Hijazi, 2013].tWho deceleration and 12 kV source
potential, the tungsten ions reach the PMMA surfaitle energies of 48 keV; by floating
the samples at 11 kV, and optimizing the ion optitthe upstream decel module, intense
beams could be obtained also at 4 keV impact end@ypical W ion currents delivered
to the PMMA targets were 210A for 48-keV ions and 0.4A for 4-keV ions. A similar
method was employed to produce the 60-keV @nd 50-keV At* ions employed in the
preliminary implantation studes, using source gasge
(trimethyl)pentamethyl-cyclopentadienyl titaniundaargon, respectively.

B. lon Beam Characterization

In order to properly characterize the propertiethefmetal-ion-implanted samples as a
function of the ion fluence incident on the PMMAgats, the spatial characteristics of
the ion beams used for implantation must first exnined. To this end, an apparatus
was developed to permit accurate measurementg @Dprofile of the ion beams at the
plane of the PMMA targets. The photo in Figurén@wgs the part of this device inserted
into the beam line after the deceleration moduie;upper portion is the holder for the
PMMA targets, the lower portion is the ion-beamfpeanonitor. The beam-profile
monitor consists of a well-shielded and suppre$sedday cup located behind a
tantalum shield with a 1-mm square aperture. Thgetdolder includes an exposed area



above the mounted sample on which the incidenb&am current can be measured.
Immediately above this open area a biasable elefiteonent is mounted which is
energized at 6V, 1.7A during PMMA irradiation totigate sample charging. The target
holder and beam profile monitor assembly are maliotea three-axes motion assembly
driven by a stepper-motor system. VisualBasic-basédvare was developed to scan the
beam profile monitor in user-specified steps ov2bDasurface in the plane of the PMMA
target, and to collect the ion current on the Fayazlip through the 1-nfaperture as
measured with an electrometer with an accuracyob® better. The total suppressed
current to the tantalum shield in front of the &y cup could be simultaneously
measured to permit normalization of the profile@ses where the total ion-beam current
varies during the profile measurement which typycedquired several minutes to
complete. The measured ion profiles are integratederically to determine the total
beam current or flux at the plane of the targetpid@al W ion profiles measured by this
method are shown in Figure 3 for 48-keV and 4-keglantation energies, with total
currents of 1.9A and 0.6uA, respectively. The vertical distributions in barase are
narrow, with a FWHM of about 1.5 mm. The distribus in the horizontal
mass/momentum dispersion plane, on the other laadignificantly broader, primarily
due to the dispersion by the upstream analyzinghetaaf the 4 stable isotopes of
tungsten in the 182-186 amu mass range with naibtaidances between 14.4 and
30.6%.

C. Implantationin PMMA

Implantation of tungsten ions into the PMMA targetss investigated in a fixed as well
as a rastered configuration. In parallel with deeelopment of the target rastering
system, initial implantation studies were performeth fixed PMMA targets of two
sizes (8 mm x 16 mm x 0.5 mm and 16 mm x 16 mnbx1in) to gain insight into the
dependence of surface resistivity on ion-beam gnang fluence. In this configuration,
the implanting ions were focused onto a single spotach PMMA target. During
implantation, the targets were flooded with low-gyeelectrons (energy about 30 eV,
typical target holder current 5\) to prevent charging of the PMMA surface. The
spatial distributions of the implanted fluenceshase cases corresponded to the spatial
distribution of ions in the incident beam as showfRigure 3. Analyses of these fixed-
target exposures will be given in Section Ill.

In order to implant tungsten ions over a larger PMdea, necessary for follow-on high-
voltage compliance tests, additional VisualBasisdubsoftware was developed to permit
rastering the incident ion beam over a user-sptdrea of the PMMA sample under PC
control. The PMMA targets for these studies meas@86 mm x 28.6 mm x 4 mm.

Initial characterization of the 2D ion-flux profilesing the technique described in the
previous section always preceded the large-aréarmag exposure. Next, under PC
control, the target holder is positioned to intptdde incident beam on the open area just
above the PMMA sample to monitor the incident beament,l;. After positioning the
target holder to one corner of the PMMA sample #odae exposed, the holder is
translated continuously at a rate of 1 mm/s inviéréical (y) direction until the ion beam
center reaches the opposite edge of the selectpzt trea. The target is then shifted



0.25 mm in the horizontal (x) direction, and thetal movement reverses to move the
target back across the ion beam to the startingsitipn. This process is repeated until
the entire selected area of the PMMA sample has begosed. The horizontal step size
(0.25 mm) was chosen much smaller than the ion lmBar@nsions to ensure a uniform
exposure during rastering. For the 48-keV implaota the raster area was 10 mm wide
(x-direction) by 30 mm high (y-direction); for tekeV implantation the raster area was
5 mm wide by 30 mm high. The 30 mm movement rangkee y-direction was chosen
to expose the target from one edge to the oppedie in that dimension to simulate
large-area electrode production and to facilitatéase-resistivity-change measurements
at cryogenic temperatures. Once the entire seleéatget raster area has been exposed to
the ion beam, the target is returned to the beamemumonitoring position, the electron
flood filament is turned off, and the ion curreaeteasured and recorded. This cycle of
target rastering and current monitoring was repkateil the desired ion fluence on the
target has been reached; each cycle for the 48rkelantation required approximately
20 minutes, and about half that time for the 4-keylantation. The smaller raster area
was selected for the 4 keV implant in order to kéegptotal irradiation time required for
the desired fluence at a reasonable level.

From the total exposure tinfgy, the average measured ion curréff, and the raster
areaA, one can determine an average fluence on thet famge given exposure by

& Twt/A. To study the spatial distribution of the fluemesulting from a given ion flux
distribution, numerical simulations of the rastevqess were performed. Simulated
rastered fluence distributions for the measure&eN8-and 4-keV ion flux distributions
(shown in Figure 3) are presented in Figure 4. Sixpent with standard convolution
considerations, the simulations of the raster eaadicate uniform fluence areas of
height and width roughly equal to the raster heaghwidth minus the FWHM of the ion
beam in the two respective directions, with edggorewidths comparable to the ion
beam widths in the respective planes. At both itigated energies, the peak fluences in
the central plateau of the simulated distributiaresabout 30% higher than the average
fluence on the targets as calculated above.

D. Surface Composition and Resistance M easur ements

X-ray induced photoelectron spectroscopy (XPS) issuaface-sensitive analytical
technique providing specific information on elena@nd chemical surface composition.
The Thermo Scientific K-Alpha XPS instrument usedt the present measurements
features 30-micron spatial resolution (variablenfr80 to 400 microns), precise stage
movement allowing elemental and chemical mappirgy targe areas, and amsitu Ar*
ion gun for sputter cleaning and depth profilingaswements. Advanced software
features allow principal component analysis of rdafa and the ability to retrospectively
determine spectral information from map data.

The depth profiles were determined by XPS measureseerformed during sputtering
with a 3-keV Ar ion beam. The sputter-beam suri@roval rate, calibrated for SiO
was estimated for PMMA by using the simulation c&#RIM [Ziegler, 1985] to
determine the ratio of sputtering yields for 3-k&¥ ions at normal incidence on SiO



and PMMA targets. The thus deduced PMMA sputterorahrate was assumed to be
unaffected by metal ion implantation, or by ion-expinduced modifications of the
PMMA polymer [Zekonyte, 2005].

Surface resistivity changes of the W-implanted PMMZAgets exposed in the fixed
configuration were measured using a two point adnteethod, with the probe consisting
of two contacts of fixed 3-mm separation presseduaby into the irradiated surface.

For measurements on the large-area rastered tatfgetsrobe consisted of copper
clamps with an Indium gasket between the clampgfadonductive surface in order to
ensure a well-defined surface-contact area indep@raf temperature. Resistances were
measured using a Fluke Model 771V digital multinmetéor both probe geometries, the
surface resistances of virgin (unexposed) PMMAaxeg$ were beyond the measurement
capability of our multimeter (> $8Q). Since surface resistance and resistivity are
measured in the same units, and are related bgsiasd factor depending only on probe
geometry, measured changes in surface resistarfuaa®n of implantation conditions

or sample temperature, using either probe geomeateyexpected to reflect
corresponding changes in the relevant intrinsitaserresistivities. With this in mind, the
terms surface resistance, surface resistivity,samhce conductivity (i.e., the reciprocal
of surface resistivity) are used interchangeahigubhout.

[II.RESULTS
A. Preliminary Test Exposures

Preliminary implantation exposures were carriedvaithh keVV-energy-range Ti and Ar

ion beams to guide fluence choices for the subsgdidon exposures, as well as to
investigate possible target graphitization effedisch might mask surface-conductivity
enhancement due to metal ion implantation. Reggrifia first issue, implantation with
60-keV TP ions to fluences of 2-4x}&m? showed no measurable surface conductivity.
To address the issue of target graphitization, xp@sed the PMMA test coupon to a 50-
keV Ar’* ion fluence similar in magnitude to the Ti bearp@sure, and again found no
enhanced surface conductivity. XPS analysis of Bo#md Ar beam spots, both of which
were clearly discernible to the unaided eye, indidaignificant changes in the C(1s) and
O(1s) lineshapes in comparison to an unexposed PNBdiicoupon, as illustrated in
Figure 5 for the Ar-exposed spot. The loss of “PMilike peaks” in the C(1s) and

O(1s) core level spectra, together with the ovatédénuation of the O(1s) peak height,
indicate that both ion beams evidently act to gisthe chemical structure of the virgin
PMMA surface. During depth profiling XPS measuretsasf a virgin PMMA sample
using 3-keV Ar ions, a similar change in C(1s) &{ds) lineshapes and relative peak
heights was observed. While such ion-beam-inducgdption of polymer surfaces is
well known and documented for PMMA and many otha@ymer systems [Zekonyte,
2005], for the present ion beams and fluencesetbleanges in spectral features resulted
in no measureable changes in surface resistivitgitber the 50 keV-energy Ti and Ar
ion-beam test exposures, or the low-energy Ar epiitam exposed PMMA coupon.



B. Stationary Targets

Following these preliminary test exposures witlaid Ar beams, we switched to W
beams because of their higher electronegativiB6(2V) , and sought to establish the W
fluence levels required to obtain measurable saré@nductivity for this metal specie.
Based on the results of our preliminary Ti bearhégposures, only W ion fluences in
excess of 1¥cm?were investigated. Searching for correlations betwaurface
conductivity changes and near-surface metal-coratgons, we performed XPS analyses
on the W-ion-implanted PMMA targets exposed inadighary configuration. A
representative measured XPS spectrum is givergiwr&i6(a), showing peaks associated
with W, C, and O photoelectrons after exposura o0 x 16° cm? fluence of 48-keV
W* ions. As shown in Figure 6(b), higher resolutioneslevel spectra in the W(4f)
region are able to distinguish implanted tungstemetallic W(m) and oxide W(o) forms.
Figure 7 shows XPS results for 8 mm x 16 mm PMM#Agkes irradiated by 48-keV W
ions to fluences of 1.75 x cm?, 3.5 x 16° cmi?, and 7.0 x 18 cmi?, obtained using
the mapping feature of the XPS instrument togethtr chemical phase analysis
software. In each case, the area of the PMMA eeghts the ion beam and analyzed
with XPS was clearly discernible to the unaided. eJke different colors represent
regions of the target with different “phases” orface compositions as identified in the
accompanying bar graphs. As seen from the figheeresulting metallic W near-surface
atomic concentrations were found to be in the 1%t&nge, and to increase with
increasing fluence. Interestingly, at the highdghe three fluences, two distinct phases
are identified in the beam-exposed region havifigm@int ratios of W in metallic versus
oxide forms. The crosses in each phase map indicatecation of XPS depth-profile
measurements performed for each fluence.

The respective depth profiles of the implanted et are shown in Figure 8. For the
two lowest fluences, the W depth profiles (dashedl dash-dot curves) are very similar,
with the W atom percentages peaking at about 23{24%below the surface and quickly
drop to less than 5% by a depth of 15 nm. Thedrigleak W concentrations indicated in
Figure 8 compared to those indicted in Figure dltésom the removal of surface
contaminants, particularly oxygen, during the aliphases of the Ar sputtering process.
Interestingly, the depth profile for the highesieihce exposure (solid curve), is markedly
different, having a significantly broader peak labat 29% that extends deeper than 5 nm
but then decreases more steeply with depth thalower fluence profiles. At a depth of
15 nm, the W-atom percentage is still around 10€4He high fluence exposure. Itis
possible that this depth-profile change is due $araple-temperature increase from
proximity to the hot electron flooding filament wdeheating effect increases with
increasing exposure times, since some surfacengelias observed on the sample edge
closest to the filament (in the subsequent ragiegkposures, the filament was located
farther away from the samples and edge meltingnedsnger observed). Alternatively,

it is possible the characteristics of the nearasigfPMMA layers are sufficiently changed
at the higher fluences due to the presence of imgiaW and/or the ion-induced
disruption of polymer structure already noted inrmection with Figure 5 to alter the
shape of the implantation depth profile.



To see how the W near-surface atomic concentratonelated with surface

conductivity, the surface resistivities of theseethtargets were then measured at room
temperature using a two-point contact method. gdsgtions of the measurements were
chosen on the basis of features discernible teykevisible on the exposed targets which
corresponded closely to the XPS maps of Fig. 7.fmbasurements were carried out with
the probe oriented along the long dimensions okisible fingers. No measurable
conductivity was found for the target with the l@sw8uence. For the target exposed to a
fluence of 3.5 x 18 cm?, surface resistances in the range of 1.7-Q0w&re measured

in regions of highest W atom concentrations indidah Fig. 7(b). Finally, surface
resistances of 7-30 W were measured for the target exposed to the ZB%cm?

fluence. On the basis of these measurements usitignary-target beam exposures, the
minimum fluences required for the rastered-targebsures described in the next section
were thus identified.

In order to obtain an indication of the relativepontance of near-surface W
concentrations and the total implanted W doseusmite, we also explored the energy
dependence of W-ion implantation. To this end, toltial exposures were carried out at
W-impact energies of 13 and 180 keV, both to flesnaf ~ 5x1¢° cm?. Surface-
resistance measurements were carried out for xpised PMMA samples, and showed
lowest values of 10-18 M, i.e., in the same range as the above 48-keV Véxposures.

C. Rastered Targets

With the fixed-configuration beam-exposure resais guide, large-area exposures were
carried out next. Figure 9 shows XPS maps of thatWh surface concentration of
PMMA after exposure to a 48-keV4Mon fluence of 5.9 x 76 cm? (average) over a 30
mm x 10 mm raster area. The XPS analysis was éacas the central portion of the
target that would be used in conductivity measurégmd& he 2-D plot in (a) represents
the central portion of the raster area and exh#itery uniform W-atom concentration
with the exception of a defect near the middle wui@advertent surface damage during
removal from the implantation chamber. One-dimemsi profiles of the W-atom
surface composition along vertical cuts throughahalysis region (marked by arrows in
Fig. 8(a)) are shown in Fig. 8(b). The W-atom peatage is very uniform in the vertical
(y) direction, with values in the 22-24% range, eptcfor cuts 3-5 that intersect the
damaged spot.

At room temperaturélp, = 300 K, the sample surface resistidikymeasured 1 2. After
submersion in liquid nitrogen (77 K), its surfaesistivity increased to 10.4 M After

the sample was warmed back up to room temperdaheeurface resistivity returned to a
value of 1.6 M2. This observed temperature dependence is comissiid that of the
surface resistivity measurements of Ag-ion-impldrf®MMA by Bazaro\et al.

[Bazarov, 1995], that i)} = Ry exp[(To/T)*?]. Measurements were not extended to lower
temperatures to see if a transition to a weakepé&zature dependence occurred as
observed by Bazarov et al.



In order to extend our fixed target configuratiesults to lower energies which overlap
with impact-energy capabilities of existing largeaPlasma Immersion lon
Implantation (PIII) facilities [Wei, 2005], we algmerformed a 4-keV W ion
implantation. XPS measurements of the W surfaceemmnation of a PMMA target
exposed to an average fluence of 6.2 ¥ £a1? of 4-keV W ions rastered over a target
area of 30 mm x 5 mm are shown in Figure 10, windicate the beam-exposed area in
red. Transverse scans of tungsten atom concemtsatiere determined along three
horizontal lines cutting across the analysis atgmsitions indicated in Fig. 10(a). The
obtained W-atom percentage profiles, shown in Figb), exhibit a broad flat plateau
about 8 mm wide with atom percentages in the 24-gai¥ge.

For comparison, Fig. 10(b) also shows the fluemoéilp predicted by the rastering
simulation described previously for the measuredbeam profile of Fig. 3(b).
Interestingly, the predicted fluence profile isnoaver and significantly less flat topped
than the measured W-concentration profile. A similadth difference between fluence
and W-concentration profiles was observed for eV tungsten beam exposure
(rastered target). This suggests the possibilday tie near-surface W concentration
saturates at some level, and that with additidoalice the concentration penetrates to
greater depths instead, similar to the trend sugden Figure 8. Certainly, when the
near-surface composition becomes 20-30% W, thalplitgsof W impact on already-
implanted W atoms becomes significant, which conddease the mean implantation
depth. These speculations are confirmed by cosmasiof XPS depth profile
measurements performed in the maximum fluence magithe center of the raster area
and at the edge half-fluence point, as shown inrf€id 1, which indeed show a deeper W
depth profile in the center of the raster areaufdd.2 shows a similar difference in depth
profiles between full- and half-fluence points tbe rastered 4-keV W implant. The
surface resistance measured on this target wags tdbowrders of magnitude higher
immediately upon removal from the implantation chamthan was measured for the 48-
keV W exposed PMMA target. A repeat measurementaii@ving day indicated a
surface resistance beyond the range that coutddasured with our multimeter. In view
of the similar W ion fluence to which this samplasrexposed, the very high surface
resistance seen for the 4-keV W ion exposure rsimg, especially when recalling that
regions of measurable conductivity were found e fixed target exposure with a
fluence of only 3.5 x 1§ cm?, well below the average fluence for the 4-keV W
implantation, and that measurable conductivitieeevieund for the 13- and 180-keV
tungsten implants. One clue to the conductivitjedénce may be found in Figures 11
and 12, which show, in addition to total W concatitms, depth profiles of the metal and
oxide W forms. Comparison of the two figures sholnag, irrespective of the local
fluences, the high-energy implant resulted in preidantly metallic W throughout the
entire depth profile, while the lower-energy imglagsulted in an implanted W metal-to-
oxide ratio closer to 1. XPS observation of a higétallic-W abundance suggests
prefential W bonding with other W atoms to formstkrs, which enhances surface
conductivity. On the other hand, XPS observation sfgnificant W oxide component
suggests that the implanted W atoms bond primarithe polymer matrix, which most
likely has only a minor effect on surface condutyi©ur results therefore suggest that
W cluster formation in PMMA is implantation-enerdgpendent, with clusters being



formed at 48 keV (leading to enhanced surface cchdty), and predominant matrix
bonding occurring at 4 keV (with no conductivityp@mcement).

IV.CONCLUSIONS

As an initial attempt to show proof-of-principle afie method for preparation of
electrodes suitable for use in the nEDM experimeMMA targets have been implanted
with 4-180 keV tungsten ions in fixed and/or rasteconfigurations, the latter to produce
sufficiently conductive and uniform surfaces ovexas larger than the implanting ion
beam for follow-on HV compliance tests and cryogemisistance measurements. For
the fixed target exposures, surface compositionrasidtance were investigated as a
function of fluence of 48-keV ions, with fluencesging from 1.75 to 7.0 x {bcm?,

and, for fixed fluence, at energies ranging froml88 keV. For fluences of 3.5 x 0
cm” or more, measurable conductivities falling witttie range acceptable for the
nEDM experiment were found at energies ranging fi®@1180 keV. Surface
composition and resistance were also studied RIYIRIA target implanted to an average
fluence of 5.9 x 18 cm? by 48-keV W' ions rastered over a 30 mm high x 10 mm wide
area. The measured resistance for this targetfelll the temperature dependence
reported by Bazarost al. [Bazarov, 1995] for temperatures down to 77 k§ A
determined by XPS, the surface composition of4BigkeV ion-implanted target was
very uniform over a sufficiently large area suiahdr follow-on high-voltage

compliance tests. For a PMMA target exposed t@a@.0° cm? fluence of rastered 4-
keV W ions, however, no stable measurable surfaceviggitias found, despite the
fairly uniform surface compositions of up to ab808 W atoms determined by XPS in
the rastered area. For both implantation energiesstigated in the rastered
configuration, XPS measurements showed that thefdee concentration profiles are
systematically broader and more flat-topped thactrresponding simulated-fluence
profiles. Tungsten-atom-depth profile measurementsaled systematic widening of the
implanted W depth profiles at higher fluences, |sigg that, despite the flat-topped W
surface concentrations, the total volume W conegintn profiles do in fact follow the W
beam fluence profiles. Deconvolution of the W XRfals to distinguish the metallic and
oxide forms further showed that for the 48-keV ieni] the implanted W is
predominantly in metallic form, whereas for theekimplant, the oxide form is of
equal or greater prominence, especially in the sedace region, which may explain the
observed differences in surface conductivitiehattivo energies. To explore possible
scenarios that might lead to different implantec¢h®mical forms at the two energies,
TEM measurements are planned to assess whethesrolgsof the implanted tungsten
atoms is occurring at both energies, since clugerersus matrix bonding of the W is
very likely to affect the implanted W metal to ogicatios.
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Figurel. Charge state distribution of tungsten ions et¢at 12 kV from the ORNL
Caprice ECR ion source, with selected charge stdtesigsten ions identified above the
corresponding peaks.



Figure2. PMMA target holder (top) and beam profile moniioottom, note 1x1 mm
aperture through which beam is measured) positiondte beam line of the ORNL
Caprice ECR ion source and manipulated with a tares stepper motor system. The
PMMA target shown in this photo has been exposetBtkeV W* ions and rastered
over a 30 mm x 10 mm area. The filament floodst&inget with low-energy electrons to
prevent charging of the PMMA surface The area atdp of the target holder above the
PMMA target is used for monitoring ion beam curréuating rastered exposures (see
text).
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Figure3. (a) lon beam flux (ions/cfa) profile for 48-keV W' measured at the plane of
the PMMA target. (b) lon beam flux profile for 4\an**. Both profiles were measured
using the beam profile monitor Faraday cup with tnh entrance aperture and the 2-D

raster set-up described in the text.
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Figure4. Simulated fluence distributions for a single-cy@ster of a PMMA target
using the measured \ion beam profiles of Figure 3. (a) 48-keV ionshntivtal incident
beam current of 1.8A, target rastered over 30 mm high x 10 mm wideafle) 4-keV
ions with total incident decelerated beam curréit ® uA; target rastered over 30 mm
high x 5 mm wide area.
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Figure5. XPS C(1s) and O(1s) lineshape comparisons girviPMMA (upper red
curves) and ion-beam exposed PMMA (lower greeneas)nshowing ion-impact-induced
disruption of PMMA polymer structure after expostoa 4 x 16 cm? fluence of 50

keV Ar’* ions. At the investigated impact energies, théseiptions had no measurable
effect on surface conductivity.
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Figure6. (a) X-ray Photoelectron Spectrum (XPS) for PMMA es@d to 48-keV W
ions in a fixed configuration. (b) High-resolutioare-level XPS W spectrum indicating
presence of both metallic and oxidized implantefovthis implantation condition. This
typical spectrum is for a single position withiretexposed area.
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Figure 7. Surface compositions of PMMA targets exposed t&&8-W** ions in the
fixed configuration as measured by the XPS techmiqine different colors represent
regions of different atom percentages for the Cai@l, W constituents or “phases” as
identified in the accompanying bar graphs. Ofriegéare the W-rich regions in green
and blue, where the W beam impacted. The discreengand blue “fingers” arise from
the different W isotopes due to their varying dispan by the upstream analyzing
magnet. The crosses indicate locations where XPp# geofiles of W concentrations
were measured. (a) Total fluence: 1.75 ¥1in? (b) Total fluence: 3.5 x THcm?(c)
Total fluence: 7.0 x I cm.
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Figure8. XPS depth profiles of W atom concentrations inNPAMtargets exposed to 48-
keV W** ions in the fixed configuration. Locations of tieee measurements are
indicated by the crosses in Figure 7.
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Figure9. (a) Surface W composition of PMMA targets exposed8-keV W* ions in

the rastered configuration (30 mm wide x 10 mm hagter area) as measured by the
XPS technique. The W concentration is indicatedhieycolor scale at left of the figure.
(b) Tungsten atom percentage profiles along 5eadriicans (indicated by arrows in (a))
through the XPS analysis area. Apparent non-unitgrim the center of (a) and (b) is due
to inadvertent surface damage produced during sareptoval from the implantation
chamber.
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Figure 10. (a) Surface composition map of PMMA targets exddsed-keV W ions in

the rastered configuration (30 mm wide x 5 mm hgdter area) as measured by the XPS
technique. The 2 colors represent carbon-rich (@raed W-rich (red) regions (see phase
histogram to right of map). (b) Tungsten atom patage profiles along horizontal lines
(indicated in (a)) through the XPS analysis areéeofile shape of fluence predicted by
rastering simulations is shown for comparison assthlid black curve.
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Figure11. XPS depth profiles of W atom concentrations inNPAMtargets exposed to
48-keV W ions at two different locations in the raster ar&he heavier (black) curves
are for total W atom concentrations at the cergelid) and at a horizontal edge (dashed)
of the raster area. The upper thin curves (redessmt the metallic-W concentration at
the center (solid) and edge (dashed) locationsreeisethe lower thin curves (blue)
represent the oxide-W concentration and the céatdid) and edge (dashed) locations.
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Figure 12. XPS depth profiles of W atom concentration in PMBargets exposed to 4-
keV W ions at two different locations in the raster afize heavier (black) curves are
for total W atom concentrations at the center 8aind at a horizontal edge (dashed) of
the raster area. The broader-peaked thin curvd} rgpresent the metallic-W
concentration at the center (solid) and edge (dhgdbeations, whereas the narrower-
peaked thin curves (blue) represent the oxide-\WWenination and the center (solid) and
edge (dashed) locations.



