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The doses of neutrd metastal# argan atons (Ar*) and highly chargel xenan ions (HCls) required
to damag self-assembl& monolayes (SAMs) of alkanethiolate on gold are compare in asé of
experimendg carried out concurrently The exteri of damag to the SAM is determiné by
developirg the sample in a gold etchirg solution then measurig the decreas in reflectivity of the
gold; ~10° Ar* are requiral to cau® the same amour of damag as 1 HCI, as measurd by this
assay We haw also demonstrateé HCI micropatternig of a surfa@ using a physicd mask,
suggestig the application of this systen in lithography © 199 American Institute of Physics.
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Efforts to improve the technique of micropatterning
surface hawe involved the use of alternatiwe resiss or un-
conventionh exposue methods In this letter we do both
simultaneouslyusing a bean of highly chargel ions (HCls)
and abean of neutrd metastal# atons to expo® an ultra-
thin self-assembl&monolaye (SAM) resist Besides provid-
ing one of the first demonstratios of lithographt patterning
using HCls, the resuls allow us to compae and contras the
relative efficiencies of ion and atom exposue quantitatively.

The internd enery (definad as the enery releasd in
bringing an atam or ion to its neutrd grourd statg of meta-
stabk helium and argan atons has been usal previousy to
dama@ SAMs of dodecanethio(DDT) on gold1~3By using
ama to patten the exposurefollowed by etching one can
form patterrs in gold and then in silicon.

The highly chargel ions use in this work, Xe**", have
a mudh greate potentid enery (513 keV) than the atoms
usal previously but they also hawe greate kinetic energy
(350 keV for ionsvs <0.1 eV for atoms. The ions neutralize
rapidly (typically in less than ~20 fs%), however depositing
the potentid energy into a smal volume localized in the first
few nanometes of the surface’~° Becaus the kinetic energy
is deposité in the solid over a region hundred of nanom-
eters deep the enery densiy depositél on the surfae is
dominatel by the contribution from the potentid energy.
Previots studies on mica hawe confirmed tha the amoun of
damag to the surfa® causé by ions correlats with changes
in internd potentid enery (relata to the charge of the ion)
and nat kinetic energy’®

Figure 1 summarizs the proces usal to expo® SAMs
to the beams The procedue for exposimy the substrate to
the beam of Ar* isdescribe in detal elsewheré.The flux of
Ar* was1.7x 10" um 2 s tinacollimated bean ~7.5 mm
in diameter The ion bean was a continuows strean of
~11.0x10° Xe*** ionsk from an electrm bean ion trap
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(EBIT),? the ion beam was passd through an apertue 3mm
in diametey 5 mm abowe the sample.

Gold (40 nm thick) was evaporatd onto silicon wafers
using titanium (2 nm thick) as an adhesio promoter The
wafers coatal with gold, were storad unde ambient condi-
tions prior to the formation of SAMs. SAMs were prepared
by immersirg the gold films into a solution of dodecanethiol
(DDT) in absolué ethand (0.01 mol) for at leag 16 h.
Samples were then rinsed with ethano] and blown dry in a
strean of nitrogen gas before being loadal into the vacuum
system.

In orde to compae directly the doses of atons and ions
requirel to dama@ SAMs, we exposé samples to ead of
the two beams concurrently keepirg the samples in each
chambe unde vacuum for the sarre totd time. The pressure
in the chambe in the cas of the atom exposue experiment
was approximatef 1 mPa (~10~° Torr) while in the cas of
the ion exposue the pressue was approximatef 1 uPa
(=108 Torr). We performel 12 exposurs of HCls of ~90
min ead on 6 separat sample of SAMs of DDT (Table I).
The do= given in Table | is calculatel from the averag of
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FIG. 1. Schemat of the experimenthprocedure.
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TABLE |. Exposue time, dose ard loss of reflectane measurd when
SAMs of DDT are expose to HCls and etched.

Time Dose Lossof  Time Dose Loss of
(9 (x10'%cm™?) Reflectance (se9 (x10"cm™?) reflectance
5400 1.35 22% 5100 1.35 48%
5400 1.24 12% 5040 1.30 41%
4380 1.33 8% 4980 1.39 42%
4380 1.29 7% 4800 1.36 41%
4500 1.34 16% 4620 1.29 41%
4620 1.34 14% 4860 1.27 35%
Average 1.3204) 27(15%

the flux before and after the exposue (the flux of ions can
vary by up to 10% during the exposurg We determire the
flux of ions with an electrax multiplier in pulse counting
mode the ion detectim efficiengy is 0.50 with an uncertainty
of less than 0.25°

After exposue to the ion or atan beam the samples
were removea from the vacuun chambe and immediately
etchal in an aqueos ferricyanice solution (1 mol//” potas-
sium hydroxice (KOH), 0.1 mol// potassim thiosulfate
(K5S0Oy), 0.01 mol// potassim ferricyanice [ KsFe(CN)g],
and 0.00L mol//” potassim ferrocyanie [ K,F&(CN)g] for
~20 min). After etching the sample were rinsed with dis-
tilled wate and blown dry. The exposeé regiors were visible
as darke area correspondig in size to the widths of the
beams.

The degre of etchirg of the expose regiors relative to
the unexposd regiors was quantifiel as a decreas in reflec-
tivity of the surface? A HeNe lase (=632 nm) was focused
onto the sampé at norma incidene and the reflectel beam
was separaté from the incidert bean with apolarizing beam
splitter cube The bean waig was calculatel to be ~15 um,
but the resolution was limited by the point spacimg in our
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FIG. 2. Reflectane of gold vs do for exposure of SAMs of DDT to Ar*.

individud data points Since there may be asystemat com-
ponen this deviation we hawe usal this conservatie esti-
mat of the uncertainy and not reducd it by the squae root
of the numbe of dat points Given tha ther are 4x 10*
alkanethid molecules/cr we infer tha eadh ion—ard the
subsequenetchirg process—generae crate in the gold
approximate 35 nm in diamete and encompassipn ~3000
alkanethid molecules in the SAM. This is in reasonable
agreemenwith the directly imaged resuls for randomy dis-
persel single ion impad crates obtainal subsequento our
work by the Livermore grouyp (50-63 nm diametey,° given
the fact tha the SAMs usal were different and that the
dired images do not appea to be correcta@ for imaging
probirg tip effecss (tip radii approximatel 70 nm). These
crates are comparab# in size to those formed in a more
standad resist poly (methylmethacrylate which was ex-
posel to Xe* [after etching single ion impad crates 25 nm
in diamete were observe with atomic force microscopy
(AFM)].1!

In orde to compae exposue with HCIs to tha with
Ar*, we chos various doses of Ar* to bracke the exposure
obtaina with HCls and interpolatel to the dose which gives

scars to 70 um. The intensity of the reflected beam was an equivalem exposue as measurd by the reflectivity. The

monitoral with a photodiog as the sampé was stepped
through the lase beam The reflectiviy was measurd at

points along severahorizontd scars acros the surface each
scan separaté vertically by ~0.5 mm, and then averaged.
The fractiond loss in reflectivity is defined as the unexposed
value (avera@g signd outsice of the expose region for that

particula sample minus the averag signd from the ex-

posel region divided by the unexposd value.

In the cax of HCI exposue through amask sorre of the
parametes discussd abowe were changé slightly. Chro-
mium rathe than titanium were usal as an adhesio layer,
ard SAMs of hexadecanethidHDT) ratha than DDT were
used.

After etching the regiors of the surface tha were ex-
posel to HCls shav a decreas in reflectivity relative to that
of unexposd gold. The maximun possibé decreas in re-
flectivity gives a value tha correspond to that of batre sili-
cony nore of the sample showel this maximum By averag-
ing the reflectivity acros the exposeé region for each
sample the analyss accouns for the fact that the distribution
of ions acros the bean (unlike the bean of atoms is non-
uniform. The averag loss in reflectivity is 0.2715) caused
by an avera@ do of ions of 1.324) X 10'! ions/cnt. The
uncertainy tha we quot is the standad deviatio of the 12

resuls of our reflectiviy measuremestfor exposurs of
SAMs of DDT to metastal# argan atons s plotted in Fig. 2.
The slope of the solid line is 4.1(12) X 10~ Y7 cn?/atom in
reasonald agreemen (<2o) of the previously determined
value? The statistich contributian to the overal (combined
standarg uncertainty of the present result is 0.6
X 1017 cmé/atom The overal uncertainy is limited by the
detectim efficieng (€) of the metastable atoms, as described
previously?

A loss of reflectivity of 27% (the avera@ loss obtained
with  HCls) thus corresponds to a dose of 6.6
X 10* atoms/crA. This value implies tha multiple impacts
(~16) of Ar* are requirad to damag apoint on the surface
sud tha etchirg will remowe the underlyirg gold. There-
fore, ~10'° Ar* are requiral to cau® (after etching the
sanme amour of damag@ as one Xe**" ion, as compare to
the ratio of potentid energy 440Q That is, the HCI is much
more efficiert at convertirg its potentid enery to surface
damag than is the metastal® atom This nonlinea energy
dependere is not surprisirg becaus a similar effed has
bea sea in a comparisa of damag to SAMs using Ar*
(P.E=12 eV) ard He* (P.E=21 eV) projectiles® In that
casean increag in the potentid energy pe atom of lessthan
a factar of 2 resultel in a decreas in the required dos of
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FIG. 3. SEM of (a) the TEM grid and (b) the gold patterrs mace by expos-

ing SAMs of HDT to HCls. The inses shaw that the edge roughnes of the
features in gold is comparat® to tha of the TEM grid.

more than an orde of magnitude It was speculatd tha the
damag@ was cause by seconday electrons and comparison
of the metastald atom dos (assumiig one seconday elec-
tron per Ar*) with the dose usel in experimers wher elec-
tron beans were usal to expog SAMs, gawe reasonable
agreement Perhag the increasd efficieng/ of the He*
comes from the decreas in inelastc mean free path® as the
electrn enery goes from 12 to 20 eV, which allows the
electran to under@ a highe densiy of collisions within the
SAM. The mean free pah increass abowe 20 eV, but this
increag might not be relevart as the damag@ mechanisms
might be quite differert for the two projectiles as their po-
tentid energis differ by over three orders of magnitude.
Because the HCI deposis a large parcé of potentid energy
into a smal volume of the surfa@ in a shot time, the exci-
tation is concentraté ard collective effects might be impor-
tant Two modek predid craterirg of surface due to the
large enery densiy deposité by a single HCI. One model
assers that the HCI will extra¢ mary electrors from the
surfa@ leadirg to a charge buildup which will Coulomb
explode!® ejectirg ions from the surfae and causimy ashock
wave that eject neutrd materid as well.!* A secoml model
predics tha the HCI impad excites mary surfae electrons
from bondirg states to antibondiry states renderirg the ma-
terid structuraly unstable'® The resut is the displacement
of alarge numbe of surfae atoms.

In orde to demonstra the ability of HClIs to pattern
SAMs, we expose SAMs of HDT to the ion bean through a
physicd mask—a nickd transmissia electran microscopy
(TEM) grid (Fig. 1). Figure 3 shows SEM images of gold
patternéel by exposiig SAMs on gold to a bean of HCls
through a mak for ~2 h: the flux was measurd prior to
exposimy the samplesand the dose calculatel to give a50%
loss in reflectivity of the gold after etching Sampls were
etchal in an aqueos ferricyanice solution to reved the pat-
tem in gold. The edge roughnes of the features in gold
(=100 nm) is comparak to tha of the TEM grid (Fig. 3
inserts.
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In summary we have demonstrate that Xe*** damages
SAMs in doses five ordess of magnitua lower than doses of
Ar*, Using currenty availabe high flux source of
HCIs %18 the overal exposue time can be shorte than
tha useal in previows studies involving metastat# atoms.
Furthermoresinae the production of HCI beans is an area of
researb still in its infancy and appeas to be progressing
rapidly, there is mudh room for future improvements The
next generatio of EBIT devices for example will hawe a
greaty increasd intensiy and brightness the brightnessa
figure of merit tha combines intensiy and emittane (ability
to focus to a smal spo), is expecte to be improved by four
ordess of magnitude'®

We haw also usal HCls to patten gold films by expos-
ing SAMs of HDT on gold to ions throuch a stenci mask,
ard then etchirg the gold from the expose regions Because
this proces is significanty more efficiert than patterning
with metastat# atoms it may be suited to lithography Fur-
thermore becaus of the high enery densiy the HCIs de-
post on the surface thicker SAMs can be used leadirg to a
more robug proces with greate contrast.
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