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METHOD FOR NEUTRAL BEAM PROCESSING BASED ON GAS

CLUSTER ION BEAM TECHNQOLOGY AND ARTICLES
FRODUCED THEREBY

FIELD OF THE INVENTION

This invention relates generally to methods and apparatus for low energy, Neutral
Beatn processing and more specifically to high beam purity methods and systems for
deriving an accelerated neutral monomer and/or newiral gas cluster beam from an
accelerated gas clusier fon beam for processing substrates used in {abricating

integrated cirouits,

BACKGROUND OF THE INVENTION

Dhring the past decade, the gas claster ion beara {GCIB} has become well known
and widely used for a variety of surface and subsurface processing appheations,
Because gas cluster ions typically have a large mass, they tend 1o travel st relatively
low velocities {compared to conventional ons) even when accelerated to sobstantial
energies. These low velocitiss, combined with the inherently weak binding of the
chusters, result in anique surface processing capabilities that lead to reduced surface
pensfration and reduced surface damage compared (o conventional ion beams and
ditfuse plasmas.

Gas cluster ion beams have been employed to smooth, etch, clean, form deposiis
on, grow filios on, or otherwise modify a wide variety of surfaces inchuding for
example, metals, semiconduciors, and dicleciric matenals. In applications mvolving
semiconductor and semiconductor-related materials, GCUIBs have been employed to
clean, smaooth, eich, deposit and/or grow films incheding oxides and others. GCIBg
have also been used to miroduce doping and latiice-straining atonue species, matenals
for amorphizing surface layers, and to nprove dopand solubility in semiconductor
materials. In roany cases such GCIB appheations have been able to provide resuits
superior {o other technologies that employ conventional jons, o0 beams, and plasmas,
Semiconductor materials include a wide range of materials that may have their

electrical properties manipulated by the introduction of dopant materials, and include
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{without limitation) silicon, germanium, diamond, silicon carbide, and also compound
materials comprising group H1-1V elements, and group I1-V] elements. Because of the
ease of forming GCTBs using argon {Ar) a8 a source gas and because of the inert
properties of argon, many applications bave been developed for processing the
surfaces of implantable medical devices such as coronary stents, orthopedic
prostheses, and other implantable medical devices using argon gas GUIBs, In
semicondhictor applications, a variety of source gases and source gas muxtures have
been emploved to form GUIBs containing elecirical dopants and lattice-stiraining
species, for reactive efching, physical etehing, film deposition, film growth, and other
useful processes. A variety of practical systems for infroducing GUIB processing to a
wide range of surface types are known. For example, US Patent. 6,676,989 C1 issued
to Kirkpatrick et al. teaches a GCIB processing system having a workpiece holder and
manipulator sutted for processing tubular or eylindrical workpieces such as vaseular
stents. In another example, US Patent 6,491,800 BYZ issued to Kirkpatrick et al.
teaches a GUIB processing system having workpiece holders and manmipulators for
processing other types of non-planar medica! devices, meluding for example, hip joit
prostheses. A further example, US Patent 6,486,478 B1 issued to Libby et al. teaches
an automated subsivate loading/unloading system suwitable for processing
semiconductor waters. US Patent 7,115,511 issued to Hautala, teaches the use of a
mechanical seanner for scanning a workpigce relative to an un-scanned GCIB.  In still
another example, US Patent 7,105,199 B2 1asued to Blinn et al. teaches the use of
GUIB processing to iraprove the adbesion of drug coatings on medical devices and to
modify the ehution or release rate of a dmg from the medical devices.

GCIR has been emploved in eiching and amoothing of erystalline and non-
crysiatline forms of materials such as diamonds and other gemstones. This has not
been entively successtul i that at times the gemstone may undergo undasirable color
changes as a resut of the GCIB procesaing. [t has not been clear whether this resulta
from sore form of surface or sub-surface damage to the gemsione materials, or might
be due to the formation of a roughened interface between the etched and/or smoothed
surface layer resulting from the GUIB processing and the underlying enmodified bulk
of the material, or is perhaps due to damage due o surface slectrical charging induced
by the clusier jons. Whatever the cause of the negative side effects of the GCIB
a processing technigque for etching and/or smonthing of natural and

procassing
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synthetic gemstone matenials that does not introduce undesired degradation of the
appearance and gsthetic appeal of the gems is desirable. GUIB processing has been
mdicated as a possible technigue for smoothing and/or planarizing surtaces of optical
materials such as lenses, reflecting ophical surfaces, optical windows, optical panels for
display and touch-screen panels, prismatic devices, ransparent substrates for photo-
masks and the like, optical waveguides, electro-optical devices, and other optical
devices. Materials for optical devices mclude a wide variely of glasses, quartz,
sapphire, diamond, and other hard, transparent materials. Conventional polishing and
planarizing weluding mechanical, chemical-mechamical, and other techniques have not
produced adegquate surfaces for the most demanding applications. GCIB processing
hias I many cases been shown 1o be capable of smoothing and/or planarizing optical
surfaces to a degree pot obtainable by conventional polishing technigues, but
alternative techuiques that do not vesult in a rough interface between the smoothed
surface and the underlying bulk material are needed to avoid creation of scattering
tayers embedded in the optical material.

Although GCIB processing has been employed suceesstully for many applications,
there are new and existing application needs not fully met by GCIB or other state of
the art methods and apparatus. In many situations, while a GCIB can produce
dramatic sfomic-scale smooothing of an initially somewhat rough surface, the citimate
amoothing that can be achieved is often less than the required smoothness, and in other
situations GCIB procesaing can result in roughening moderately smooth surfaces
rather than smoothing them further,

Gther needs/opportunities also exist as recognized and resolved through
embodiments of the present invention. In the field of drug-eluting medical unplants,
GCIB processing has been suceesstul in treating surfaces of drug coatings on medical
impiants to bind the coating (o a substrate or to modily the rate at which drugs are
ehited from the coating following implantation into a patient. However, it has been
noted that in some cases where GCIE has been used to process drag coatings {which
are often very thin and may comprise very expensive drigs), there may occur a weight
loss of the drug coating (indicative of drug loss or removal} as a result of the GCIB
processing. For the particular cases where such loss occurs {certain drugs and using
certain procassing parameters} the occurrence is generally undesirable and having a

process with the ahility to svoid the weight loss, while still obtaining satisfactory
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control of the drug elution rate, is preferable.

In semiconductor appheations, GCIBs have been emploved with varying degrees
of success in many surface-processing ireproverents, however opportunities for
improvement exist. In conventional GCIB processing, often the resslt, though
significantly improved over earlier conventional fechnologies, 1s still not of the quality
that is required by the most demanding applications. For example, in smoothing
processes, [or many materials the final degree of smoothness practically obtainable
using GCIB processing does not always meet requirements. In applications where
other materials are introduced info semiconductior materials (sometimes called GCIB
infusion) for purposes of doping, lattice-straining, and other applications such as film
deposition, film growih, and amorphization, the interface between the infused, grown,
amorphized, or deposited moaterial often bas a roughness or non-urformity af the
interface between the irradiated laver and the underlying substrate that impairs optimal
performance of the GCIB-modified layer.

Ious have long been favored for many processes because their electric charge
facilitates their manipulation by electrostatic and magoetic fickds. This infroduces great
flexibility in processing.  However, in some apphications, the charge that is inderent o
any ton {including gas cluster fons in a GCIR)Y may produce undesivable effects n the
processed surfaces. GCIB has 3 distinet advantage over conventional 1on beams in
that a gas cluster ion with a single or small meltiple charge enables the transport and
control of a much larger mass-flow {a cluster may consist of handreds or thousands of
moelecules) compared to a conventional ton {a& single atom, molecule, or molocular
fragment} Particularly in the case of insulating materials, surfaces processed using
tons often suffer from charge-induced damage reauiting from abrupt discharge of
accumulated charges, or production of damaging electrical field-induced stress 1n the
material (agam resulting from accomulated charges.) In many such cases, (3CIBs have
an advaniage due to their relatively Jow charge per mass, but i some instances may
not elminate the target-charging problem. Furthermore, moderate to high curent
mtensity ion beams may suffer from a significant space charge-induced defocusing of
the beam that tends to inhibit transporting a well-focused beam over long distances.
Again, due 1o thew fower charge per mass relative to conventional ton beams, GCIBs
have an advantage, but they do not fully eliminate the space charge transport problem.

A further instance of need or opportunity arises from the fact that although the use
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of beams of neutral molecules or atoms provides benefit in some surface processing
apphications and i space charge-{ree beam tranaport, it has not generally been sasy
and economical to produce intense beams of peutral molecules or atoms except for the
case of nozzie jets, where the ensrgies are generally on the order of a fow mulli-
slectron-volts per atom of molecule, and thus have limited processing capabilities.

In LIS Patent 4,935,623 of Hughes Electronics Corporation, Knauer has taught a
method for forming beams of energetic {1 to 18 ¢V} charged and/or neutral atoms,
Kupauer forms a conventional GUIB and directs it al grazing angles against solid
surfaces such as stficon plates, which dissociates the cluster lons, resulting in 2
forward-scattersd beam of atoms and conventional ions. This resulis it an intense but
unfocused beam of neutral atoms and lons that may ba used for processing, or that
following electrostatic separation of the fons may be used for processing as a neuiral
atom beam. By requiring the scattering of the GCIB off of 3 solid surface fo produce
dissociation, a significant problem is introduced by the Knauer techniques. Across a
wide range of beam epergies, a GUIB produces strong sputiering w surfaces that it
strikes. It has been clearly shown {see for example Aokd, T and Matsue, I, “Moleculsr
dynanyes stmdations of surface smoothing and sputtering process with glancing-angle
gas sluster ion bearas,” Nucl Instr, & Meth, in Phys. Research B 257 (2007}, pp. 645-
648} that even ai grazing angles as employed by Knauer, GCIBs produce considerable
sputtering of solids, and thus the forward-scaitered neutral beam 1s contaminated by
sputiered ons and neutral atoms and other particles originating in the solid surface
used for svattering/dissociation. In a nwltitude of applications including medical
device processing applications and semiconducior proceasing applications, the
presence of such sputtered material contammnating the forward-scattered beam renders
it unsuitable for use.

In LIS Patent 7,060,989, Swenson et al. teach the use of a gas pressure cel having
zas pressure higher than the beam generation pressure to modity the gas cluster ion
epergy distribution in a GCIB. The techoique lowers the energy of gas cluster wns
a GCIB and modifies some of the surface processing characteristics of such modified
(3CIBs. Such gas modification of GCIB gas cluster 1on energy distribution s helptud,
but does not reduce problems caused by charges deposited in the workpiece by the
ions in the GCIB and does not selve certain processing problems, as for example, the

weight loss of drug coatings during GCIB processing. Although the technijues of
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Swenson ot al. can improve the ultimate surface siwoothing characteristics of a GCIB,
the result is siill {ess than ideal,
(as clusters and gas cluster ion sizes are typically characterized by N, the number
of atoms or molecules {depending on whether the gas is atomic or molecelar and
5 inchuding variands such as ions, monomers, dimumers, trirners, gands) compnsing the
individual cluster, Many of the advantages contributed by conventional GCIB
processing are behieved {o dertve from the low velocities of tons in the GCIB and from
the fact that large, loosely bound clusters disintegrate on collision with a solid surface,
causing transient heating and pressure but without excessive peneiration, implantation,
10 or damage to the substrate beneath the surface. Effects of such large clusters (having
N monomers — as defined below — on the order of a few thousand or more) are
generally Hmited to 5 few fens of Angstroms. However, if fas been shown that smaller
clusters (having N on the order of a few hundred o about a thousand} produce more
damage to an impacied surface and are capable of producing disorete uvpact craters in
13 a surface {see for example, Houzumi, H., et al. “Scavning tunneling nucroseopy
ohservation of graphite surfaces irradiated with size-selected Ar cluster ton bears”,
Jon. A Appi. Phys. VAR, (20053, p 6252 1), This crater-forming effect can roughen
and remove material from surfaces (eich) in undesirable competition with the swrface
smoothing effects of the larger clusters. In many other surface processing applications
20 for which GCIB have been found ueeful, it is believed that the effects of large gas
cluster ions and smaller gas cluster ions may compete in counter-productive ways o
reditce processing performance. Unfortunately, the readily applied fechnigques for
formmg GCIBs all result in generation of bearns having a broad distribution of cluster
sizes having size, N, ranging frome around 100 to as much as several tens of thousands,
35 Ciften the mean and/or peak of the size distribution bics in the range of from several
bundred o a few thousand, with distribution tals gradoeaily dinnnishing t9 zero at the
size extremes of the distribution. The cluster-ion size distribution and the mean cluster
size, Natess, ass0ciated with the distribuiion ts dependent on the source gas emypoyed

and can be significantly influenced by selection of the parameters of the nozzle uaed to
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form the cluster jet, by the pressure drop through the nozele, and by the nozzie
temperature, all according o conventional GCIB formation technigues. Most
commercial GUIB processing tools routinely employ magnetic or occasionally

electrostatic size separators to remove the smaliest jons and clusters {(monomers,
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dimers, trimers, etc. up o around N=10 or more}, which are the most damagimg. Such
filters are often referred 0 as “monomer filters”, although they typically also remove
somewhat larger ions as well as the monomers. Ceriain elecivostatic cluster ton size
selectors (as for example the one emploved in US Patent 4,935,623, by Kaauer}
require placing grids of electrical conductors mto the beam, which mtroduces a strong
disadvantage doe (o polential erosion of the grids by the beam, introducing beam
contamination while reducing reliability and resulting in the need for additional
maintenance 1o the apparatus. For that reason, monomer and low-mass filters are now
typicaily of the magnetic type {sce for examyples, US Patent 6,635,883, to Tortt et al.
and LS Patent 6,486,478, (o Libby ¢t al)) Aside from the smallest ons {monomers,
dirners, gic.}, which are effectively removed by magnetic flters, i appears that most
GCIBs contain fow or no gas cluster fons of sizes below about N=100. It may be that
such sizes do not readily form or after forming are not stable. However, clusters in the
range from about N=100 o & few hundred seer to be present m the beams of most
commercial GCIB processing tools. Values of Nuess in the range of from a few
hundred to several thousand are commonly encountered when using conventional
techniques, Because, for a given acceleration potential the mtermediate size clusters
travel muoch faster than the larger clusters, they are more likely fo produce craters,
rough interfaces, and other undesirable effects, and probably contribute to less than
ideal processing when present in a GCIBR

In microelectronic semiconducior processing technology 4 has been conventional
o use photoresist Hthography to perform numerous and various patierning steps in
forming the required device structures. One problem that has resulted is that removal
of the photoresist material after a lithography step can leave contaminanis (in the fomm
of particles or otherwise,} which may impatr or compromise subsequent processing
steps, recucing process vields, As device geometries progresa to smaller sizes,
particulate contarnination becomes a more significant problem. Furthermore, with
progressive requiremments to achieve smaller device features, other problems with
photoresist Hthography appear. Ever ithinper photoresist layers are required {less than
50 nn thick} to combat problems of photoresist pattern collapse, and the photoresist
materials must be tatlored to be responsive to shorter wavelengihs, ineluding x-ray
wavelengths, In response to such challenges, it is becoming important 1o conaider

patterning technigues that do not require the use of photoresist based lithography for
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advanced semiconductor processing. Focused ion beam techmgues have bean
emploved ag one alternative. Also the use of open pattern tomplates {also referred 10
as stencils, or aperture masks}, which may be amployed as contact patierping
termplates or a8 projection patterrung teroplates, All such masks, siencils, or templates
are herein referved to ag “templates” or a “template”. Because Neutral Beam
techuology has particular applicability to advanced semiconductor processing
technslogy because of its ability to form extremely shallow surface layers, it is
sapecially suitable for processing to form advanced structures by using templates to
contred pattermang for very small, very shallow semiconductor structhures, It is
therefore an object of thiz invention lo provide apparains and methods for forming
high purity newtral gas cluster beams for workpicce processing,

It is a further object of this invention to provide apparatus and methods to provide
high purity gas clusier bearos that are substantially free of idermediate size chusters.

Yet another object of this invention is 1o provide apparatus and methods for
forming high purity, focused, intense beams of nentral atoms or moleonles with
energies inx the range of from about 1 ¢V 1o as much as a few thousand eV,

Still another object of this invention is to provide apparatus and methods for
forming beams capable of mproved surface smoothing compared to conventional
G{IBs.

An object of this mvention is 1o provide apparaius and methods for formuing doped
and/or strained films and/or for introducing foreign atomic species inio the surfaces of
semiconducior oy other materials, wherein the processed surface have interfaces to the
underlying subsirate material that are superior to those formed asing conventional
GOIB processing,

Apother obiect of this mvention s 1o provide apparates and methods for forming
amorphous regions at the surface of a semniconducior or other matenal using a Neutral
Beam and wherein the interface to the waderdying subsirate roaterial is supenior 10 one
formed using conventional GUIB processing,

A forther object of this inveniion is to provide apparatus and methods for etching
surfaces with superior final smoothness as compared to conventional GUIB

PrOCESIINgG.
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A still further object of this invention is to provide apparatus and methods for
etching optical surfaces with supenior final smoothness as comparad to conventional
GCIS processing.

Another object of this invention is o provide apparatus and methods for adhering

3 an optical coating to an optical surface with adhesion superior {o that obtained by
conventional methods.

Another object of this invention is to provide methods for moditying a surface of
an opiical device to veduce its susceptibility do degradation due to atmospheric
exposure, and fo provide optical devices thereby tmproved.

i0 A further object of this invention is o provide methods for forming a bammier ona
surface of a hygroscopic material to reduce the suscepiibility of the material to
absorption of moisture, and {o provide matenals thereby improved.
Yet another object of this invention is to provide apparatus and methods for forming
and/or growing films on surfaces of semiconductor and/or other materials, having
i3 interfaces to the wnderlying substrate matenal that are superior to those fonmed using
conventional GCIB processing.

An additional object of this invention is to provide apparatus and methods for
treating electrically insulating materials with Meutral Beams of gas clasters and/or
menomers for processing such materials without damage induced by beam transported

it electrical charges.

A further object of this invention s to provide methods for improving properties of
an optical clemsent or 2 gem by Neutral Beam fradiation of 2 surface of the optical
element.

Another object of this invention s to provide an optical element or germn with
23 tmproved propertieos by Neutral Beam technology.
An additional obiect of this mvention is fo provide a methed of forming a SiC or
SiC, laver on a silicon subatrate.
A further object of this mwvention 18 to provide a method o do resist-Jess
lithographic processing by forming a hard mask by Neutral Beam technology

{3 processing and o provide devices made thereby,

SUMMARY OF THE INVENTION



WO 2016/145337 PCT/US2016/022058

30

10

The chiccis set forth above as well as firther and other objects and advantages of
the present invention are achieved by the various emmbodiments of the invention
described herem below.

A photoresistless method of forming a patterned hard mask on a surface of a
substrate comprises a nomber of sleps. An acoelerated neutral beam s formed by
providing a reduced pressure chamber; forming a gas cluster ion beam comprising gas
ciuster iong comprising carbon atoms within the reduced prassure chamber;

accelerating the gas cluster ions o form an accelerated gag cluster ion beam along
& heam path within the reduced pressure chamber; promoting {ragmentation and/or
dissociation of at least a portion of the accelerated gas cluster tons along the beam pathy
removing charged particles from the heam path to form an accelerated neutral beam along
the beam path in the reduced pressure chamber. The substrate is treated by introducing a
patterned template and the substrate nto the reduced pressure chamber; holding the
subsirate in the beam path; freating a porticn of a surface of the subsirate by iradiating it
through openings in the patierned ternplate with the accelerated neviral beam to frm a
hardened and/or densified carbon-containing patisrned layer on ihe irradiated portion of
the surface by implanting carbon atoms into the irvadiated portion of the surface;
separating the template from the sabsteate; firat etehing the surface having the carbon-
containing patterned layer to preferentially remove material in non-carbon-containing
paris of the surface, forming one or more trench{es) and one or more platean{s); forming a
hard mask layver over the plateaw{s} and trenchies); plananizing the hard mask layer to
remove it from the plateau(s), but vot the trench{es); and optionally, second etching the
surface, using the hard mask layer as 2 mask to remove subsirate matenal.

The step of removing may remove essentially all charged particles from the beam path.
The method may further include a step of beat treating the substrate following the
removing siep, The neutral beam may covsist essentially of gas from the gas cluster ton
beam. The step of promoting may inclode raising an acceleralion voliage in the step of
accelerating or tmproving joptzation efficiency in the forming of the gas cluster ion beam,
The siep of promoting may include increasing the range of velogities of ions in the
accelerated gas cluster fon beam. The step of promoting may include introducing one or
more gaseous elements used in forming the gas chuster 1on beam into the reduced pressure
chamber to increase preasure along the beam path. The siep of promoting may include

irradiating the accelerated gas cluster jon beam or the neutral bearn with radiant energy.
£ & &y
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The neutral beam treating at l2ast a portion of a surface of the workpiece may consist
substantially of monomers having energies between 1 oV and several thousand eV, The
treating step may further comprise scanning the substrate to freat extended portions of the
surface with the accelerated nevtral beam. The substrate may comypwise crystafline or
amorphous silicon. The treating step may form a layver of 3iCx (1.05<X<3). The bard
mask laver may comprise silicon dioride. The first etching step may employ a second
accelerated neutral beam comprising argon. The second etching step may employ a Ch or
CCLEs plasma etching technigue, The acoeleration step may accelerate the gas eluster jong
through a potential of from 3 to 50 kV. The method treating step may implant carbon
atoms fo a predetermined dose of from 1 x 10" to 5 x 107° tons per om?. The carbon-
coniaining patterned layer may have a thickness of from about 1 to about 3 yun. The
second etching step may leave the substrate sorface co-planar with the bottomas of the hard
mask regions,

Another ermbodiment of the present inveniion provides a patterned hard mask on a
surface of a substrate formed by the steps deseribed above,

The present tnvention provides a high beais purity method and system for deriving
from an accelerated gas cluster ion beam an accelarated neotral gas chaster and/or
preferably monomer beam that can be employed for a vaniety of types of surface and
shaliow subsurface materials processing and which is capable, for many applications, of
superioy performance compared to conventional GCIB processing. It can provide well-
focused, accelerated, tntense neutral monomer beama with particles having encrgies in the
range of from about 1 eV to as much as 2 fow thousand V. In this energy range neuiral
particles can be beneficial or necessary in many applications, for example when i i3
desirable to break surface or shallow subsurface bonds to facilitale cleaning, stching,
smoothing, deposition, amorphization, or to produce surface chemistry offects. In such
casas, energies of from about an eV up to a few thousands of eV per particle can often be
useful, This is an energy range in which it has been irapractical with simple, relatively
mexpensive apparatus o form intense neutral beams. In vanious embodiments, the
accelerated Neutral Beam is employed for a variety of surface and shalfow subsurface
materials processing and to make enhanced materials and devices by such processing
methods,

These accelerated Meutral Beams are generated by first forming a conventional

accelerated GUIB, then partly or essertially fully dissociating it by methods and operating
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conditions that do not introduce impuritiss into the beam, then separating the remaining
charged portions of the beam from the neutral portion, and subsequently using the
resulting accelerated Neutral Beam for workpiece processing. Depending on the degree of
dissociation of the gas cluster ions, the Neutral Beam produced may be a nuixture of
peutral gas monomers and gas chisters or may easentially consist entirely or almost
entirely of neutral gas monomers. H is preferved that the accelerated Neuiral Bearn 18 an
gssentially fully dissociated neutral monomer beam.

An advantage of the Neutral Beams thet may be produced by the methods and
apparatus of the embodiments of this invention, is that they may be used o process
slectrically insulating materials without producing damage o the material due to charging
of the surfaces of such materials by heam transported charges as coromondy occurs for all
iomized beams inchuding GCIB. For example, in serconducior and other electronic
applications, 1ons often contribute to damaging or destractive charging of tun dielectric
films such as oxides, nifrides, etc. The use of Neviral Beams can enable successful beam
processing of polyvmer, dielectric, and/or other electrically msulating or high resistivity
materials, coatings, and §lms in other applhications where ton beams may produce
unacceptable side affects due to surface charging or other charging effects. Examples
include {without Hmulation) processing of corrosion inbubiling coatings, and irradiation
cross-linking and/or polymerization of organic Hlms. In other examples, Neutral Beam
induced modifications of polymer or other dielectric materials {o.g. sterilization,
smoothing, tnproving surface biocompatibility, and improving attachment of and/or
control of elution rates of drogs) may enable the ose of such matenals 1n medical davices
for implant and/or other medical/surgical applications. Further examples include Neutral
Beam processing of glass, polymer, and ceranuie bio-culture labware and/or environmental
sampling surfaces where such besms may be used to imoprove surface characieristics hike,
for example, roughness, smoothness, hvdrophilicity, and biccompatibility,

Since the parent GCIB, from which aceelerated Neuotral Beams may be formed by the
methods and apparatus of embodiments of the invention, comprises jons, i is readily
accelerated to desired energy and is readily focused using conventional {on beam
rechniques. Upon subseguent dissociation and separation of the charged ions from the
neutral particles, the Neutral Beam particles fend to retain thewr focused trajectories and
may be transported for extensive distances with good effect.

When neutral gas clusters in a iet are woized by eleciron bombardmend, they becoms
hi Ny H 5
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heated and/or excited. This may result in subsequent evaporation of monomers from the
ionized gas cluster, after acceleration, as it travels down the beamiine. Additionally,
coltlisions of gas cluster ions with background gas molecules in the tonizer, accelerator and
beamline regions, also heat and excite the gas cluster ions and may resuit in additional
subsequent evolution of monomers from the gas clusier jons followmng acceleration.

When these mechanisms for evolution of monomers are induced by electron bombardment
and/or collision with background gas molecules (and/or other gas clusters) of the same gas
from which the GCIB was formed, no contamination is coniribuled to the beam by the
dissociation processes that results i evoiving the monomers,

There are other mechanisms thai can be employed for dissoeiating {or inducing
evolution of monomers from)} gas cluster ions w a GCIB without introducing
contarnination nto the beam. Some of these mechanisms may aise be eroployed to
dissociate neutral gas chusters in a peutral gas cluster beam. One mechamsm s laser
irradiation of the cluster-ion beam using infra~red or other laser energy. Laser-induced
heating of the gas cluster jons in the laser irradiated GCIB results in excitemeant and/or
heating of the gas cluster ions and causes subsequent evolution of monomers from the
heam. Another mechanism 15 passing the beam through a thermally heated tobe so that
radiant thermal energy photons impact the gas cluster ions in beam. The induced heating
of the gas cluster ions by the radiant thermoal energy in the tube results in excitement
and/or heating of the gas closter ions and causes subsequent evolution of monoreers from
the beam. In another mechanism, crossing the gas cluster ton beam by a gas jet of the

sarne gas or mixture as the sourcs gas used in formation of the GCIB {or other non-
contaminating gas) results in collisions of monomers of the gas in the gas jet with the gas
clusters in the 1on beam producing exciterpent snd/or heating of the gas cluster ions in the
beam and subsequent evolution of monomers from the excited gas cluster ions. By
depending entirely on eleciron bombardment during initial ionization and/or collisions
{with other cluster 1ons, or with background gas moolecules of the ¢ gas{es} as those
used 1o form the GCIB) within the beam and/or laser or thermal radiation andfor crossed
et collisions of non-comtaminating gas to produce the GUIB dissociation and/or
fragmentation, contanunation of the beam by collision with other materials is avoided.

Through the use of such von-contaminating methods of dissociation described above,
the GCIR is dissociated or at least partially dissociated without infroducing atoms to the

dissociation products or residual clusters that are not part of the onginal source gas atoms.
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By using a source gas for inttial cluster formation that does not contain atoms which
wonld be contaminants for the workpiece 0 be processed using the residual clusters oy
dizssoctation products, contamination of the workpiece is avoided. When argon or other
noble gases are employed, the source gas materials are volatile and not chemicaily
reactive, and upon subsequent irradiation of the workpiece using Neutral Beams these
vofatile non-reaciive atoms are fully released from the workpiece. Thus for workpieces
that are optical and gom materials including glasses, quartz, sapphire, diamaond, and other
hard, transparent materials such as lithium fniborate (LBO), argon and other noble gases
cCan serve as seurce gas materials without contributing cortamination due to Neutral Beam
frradiation. In other cases, other source gases may be employed, provided the source gas
atomic constituents do not include atoms that would result in contamination of the
workpiece. For example, for some glass workpieces, LEBQO, and various other optical
matertals are oxygen containing, and oxygen atoms may not serve as contaminants, In
such casas oxygen-containing source gases may be employed without contamination.

As a nevtral gas cluster jet from a nozzle travels through an jomizing region where
elacirons are directed to tonizre the chusters, 8 cluster may remain un-ionized or may
acquire a charge state, g, of one or more charges {(by sjection of electrons from the cluster
by an meident electron}. The lonizer operating conditions miluencs the likelihood that a
gas clugter will take on a particular charge state, with more intense ionizer conditions
resulting in greater probability that a higher chargs state will be achieved, Mors intense
wnizer conditions resulting in higher ionization efficiency may result from higher electron
flux and/or higher {(within limits} electron energy. Once the gas chuster has been lonized,
it ia typically extracted from the iomizer, focused into a beam, and accelerated by {alling
through an electric feld. The amount of acceleration of the gas cluster ion is readily
controlied by contraliing the magnitude of the accelerating elecinic field. Typical
comynercial GOIB processing tools generally provide for the gas cluster fons to be
accelerated by an electric field having an adjustable sceelerating potential, Ve, typically
of, for example, from about 1KV to 70 kV (but not fimited to that range — Vae up 1o 200
KV or even more may be feasibie), Thus a singly charged gas clusier ton achieves an
energy in the range of from 1 to 70 ke'V {or rore if larger Vaee 18 used ) and a mulliply
charged {for example, without Hmitation, charge state, g=3 electronic charges) gas cluste
ion achieves an energy in the range of from 3 10 210 keV {or more for higher Vae). For

other gas clusier jon charge states and acceleration potentials, the accelerated energy per
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cluster 5 qVac eV, From a given lonizer with a given jonization efficiency, gas clustar
iong will have a disirtbution of charge siates from zero {not 1onized) to a higher number
such as for example 6 {or with high ionizer efficiency, even more}, and the most probable
and mean values of the charge state distribution also increase with increased onizer
efficiency (higher eleciron flux and/or energy). Higher iomzer efficiency also resulis in
mereased numbers of gas cluster ons being formed in the jovizer In many cases, GCIB
processing throughput increases when operating the ionizer at high effictency results in
increased GCIE current. A downside of such operation is that multiple charge states that
gy ocour on intermediate size gas cluster 1ons can increase crater and/or rough interface
formation by those ions, and often such effects may operate counterproductively o the
intent of the processing. Thus for many GCIB surface processing recipes, selection of the
ionizer operating parameters tends o involve more considerations than just maxinizing
beam current. Tn some procesaes, use of a “pressure cell” {see US Pat. 7,060,989, 1o
Swenson ¢t al.} may be employed to permit operating an tonizer at high iopization
efficiency while still obtaining accepiable beam processing performance by moderating
the beam energy by gas collisions in an elevated pressure “pressure cell”

When the Neutral Beams are formed in emnbodiments of the present invention there is
no downside to operating the tonizer at high efficiency — in fact such Operation i3
sometimes preferred. When the lonizer is operated at high efficiency, there may be a wide
range of charge states in the gas cluster jons produced by the fonizer. This resulis ina
wide range of velociiies in the gas cluster fons in the exfraction region between the 1omizer
and the accelerating electrods, and also in the downstream beant. This may result in an
enhanced frequency of collisions between and among gas cluster ious in the beam that
generally results in a higher degree of fragmentation of the largest gas chuster ions. Such
fragmentation may result in a redistribution of the cluster sizes in the beam, skewing it
toward the smaller cluster sizes. These cluster fragments retain energy in proportion 1o
their new size (M) and so become less energetic while essentially retaining the accelerated
velocity of the titial unfragmented gas closter ion. The change of energy with retention
of velocity foliowing collisions has been experimentally verifiad (as for example reported
in Toyoda, N. et al,, “Cluster size dependence on energy and velocity distributions of gas
chuster 1ons after collisions with restdual gas,” Nucl fnsir. & Meth, in Phys. Research B
257 (2007}, pp £662-665). Fragmentation may also result in redistribution of charges in the

cluster fragments. Some ancharged fragmenis fikely result and multi-charged gas cluster
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ons may fragment into several charged gas chaster ons and perhaps some uncharged
fragments. It is understood by the inveniors that design of the focusing fields in the
tomizer and the extraction region may enhance the focusing of the smaller gas cluster ons
and monomer jons to increass the hikelithood of collision with larger gas cluster ions in the
beam extraction region and in the downstreamn beam, thus contributing to the dissociation
and/or fragmenting of the gas cluster ons,

I an embodiment of the present invention, background gas pressure in the lonizer,
accaleration region, and beamiine may optionally be arranged to have a higher pressure
than is normaily utilized for good GCIB fransmuission. This can result m additional
evolution of monomers from gas cluster 1ons (beyond that resulting from the heating
and/or exciternent resulting from the inttial gas chuster Jonization event). Pressure may be
arranged so that gas cluster ions have a short enough mean-free-path and a long enough
flight path between lonizer and workpiece that they must undergo roultiple collisions with
background gas molecules

For a homogeneous gas chuster fon comaining N monomers and having a charge state
of ¢ and which has been accelerated through an electric field potential drop of Vaee volis,
the cluster will have an energy of approximately gV aeo/Ni eV per monomer, where Ny is
the number of monomers i the chister ion at the fiwe of acceleration. Except for the
amallest gas cluster ions, a collision of such an lon with a background gas monomer of the

same gas as the cluster source gas will result m additional deposition of approximately
GV ace/WNi &V o the gas chuster fon. This energy is relauvely small compared to the
overall gas cluster ion energy {(gVace} and generally results in excitation or heating of the
cluster and in subsequent evolution of monomers from the cluster. It is believed that such
collisions of larger clusters with background gas seldom fragment the cluster but rather
heats and/or excites it to result in evolution of monomers by evaporation or simtlar
mechanisms, Regardless of the source of the excitation that resuits in the evolutionof a
monomer or monomers {rom a gas cluster 10n, the evolved monomer(s} have
approximately the same energy per particle, QVae/Ni eV, and retain approximately the
same velocity and trajectory as the gas cluster ron from which they have evalved. When
such monomer evolutions occur from a gas cluster won, whether they resalt from excitation
or heating due 1o the original jonization event, a collision, or radiant beating, the charge
fias a high probability of remainung with the larger residual gas cluster ton, Thus aflera

sequence of monomer evolutions, a large gas claster ion may be reduced to a cloud of co-
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traveling monomers with perhaps a smaller residual gas cluster ion {or posaibly several if
fragmentation hag also ocourred). The co-traveling monormers following the original beam
trajectory all bave approximately the same velocity as that of the original gas cluster ion
and each has energy of approximately gV ace/Ny oV, For small gas chuster tons, the energy
of collision with a background gas monomer is likely to completely and viclently
dissociate the small gas cluster and it i3 upcertain whether in such cases the resuliing
monomers continue to travel with the beam or are giected from the beam.

To avoid contamination of the beam by collisions with the background gas, it is
preferrad that the background gas be the same gas as the gas constimting the gas cluster
wons. Mozzles for forming gas clusier jets are typically operaied with high gas flow on the
order of 100-60G seem. The portion of this flow that does not condense nto gas chisters
raises the pressure n the source chawber, In addition 0 the gas transmiited through the
skirumer apertore 1o the form of gas clusters, unclustered source gas from the sourcs
chamber can flow through the skinuner aperture to the downstream beamline or beam path
chamber{s}. Sclecting the skimmer aperture diameter 10 provide an increased flow of
unchustered source gas from the source chamber to the beamling is a convenient way t©
provide the added beamline pressure to induce background gas collisions with the GCIR.
Berause of the high source gas flow {unclustered gas through the skiramer apernwe and
gas transported to the target by the beam) atmogpheric gases are quickly purged from the
beamdine. Alernatively, gas may be leaked tuio the beamline chamber, or as pointed owt
above, infroduced a5 a jet crossing the GCIB path, In such case, the gas is prefersbly the
aarne as the source gas {or inert or otherwise non~contaminating). In critical applicatioms a
residual gas analyzer can be employed in the beamiine o confirm the quality of the
background gas, when background gas collisions play a r8le in the evelution of monomers,

Prior to the GCIB reaching the workpiece, the remaining charged particles {gas cluster
ions, particularly smal and intermediate size gas claster ions and some charged
monomers, but also including any remaining large gas cluster ons}) 1o the beam are
separated from the nevtral portion of the beam, leaving only a Neutral Beam for
processing the workpiecea,

In typical operation, the fraction of power in the Neutral Beam refative to that i the
full {charged plus neutral) beam delivered af the processing target is in the range of from
about $% 0 95%, so by the separation raethods and apparatus disclosed herefn it is

possible to deliver that portion of the kinetic energy of the {ull accelerated charged beam
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to the target as 2 Neutral Beam,
The dissociation of the gas cluster ions and thos the production of bigh neutral
monomer beam energy is facilitated by

1} Operating at higher acceleration voltages, This increases gV as/N for any giver
cluster size; 2} Operating at high iontzer efficiency. This increases gVae/N for any given
cluster size by increasing g and increases clusier-ion on cluster-ion collisions in the
extraction rogion due to the differences in charge siates between clusters; 3} Operating at a
high ionizer, acceleration region, or beamnline prossure or operating wiih a gas jet crossing
the beam, or with & longer beam path, all of which increase the probability of background
gas coblisions for a gas cluster ion of any given wize; 4) Operating with laser trradiation oy
thermal radiant heating of the beam, which directly promote evolution of monomers from
the gas cluster ions; and

5} Operating at higher noezle gas flow, which inoreases rangport of gas, clustered and
perhaps unclustered mio the GUIB trajectory, which increases collisions resulting in
greater evolation of monomers.

For producing background gas collisions, the product of the gas cluster fon beam path
length from exiraction region to workpiece times the pressure in that region contributes o
the degree of dissociation of the gas cluster iong that occurs. For 30KV acceleration,
iontzer parameters that provide a mean gas cluster 1on chargs state of 1 or greater, and g
pressure times beam path length of 6 x 10 torr-om (0.8 pascal-cm) (at 25 deg C) provides
a Newutral Beam {after separation from the residual charged lons} that is essentially ﬁiiiy
dissociated to neutval energetic monomers. It is convenient and customary o characierize
the pressure times bean path Jength as 2 gas target thickness. 6 x 107 torr-cm {0.3 pascal-
cm} corresponds t0 a gas target thickness of approximatefy 1.94 x 10" gas molecules/

. fn one exemplary (not for limitation} embodirnent the background gas pressure is 6 x

-3 pascal) and the beam path Jength is 100 cm, the acceleration potential is

103 forr {8 x 10
30KV, and in this case the Neutral Beam is observed to be essenually fully dissociated into
monomers at the end of the beam path. This is without faser or radiant beam heating sud
without eroploying a gas jei crossing the beam. The fully dissociated accelerated Newutral
Beam condition results from monomer evolation from cluster heating due to the cluster
onizaiion event, coliisions with residual gas monomers, and collisions betwesn slusters in
the beam.

Using the dissociated Neutral Beam produces improved smoothing results on
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smoothing a gold film compared to the full beam. In another application, using the
dissociated Neutral Beam on a drug surface coating on 2 medical deviee, or on drug-
polymer-mixture layer on a medical device or on g drug-pely-migture body of a medical
device provides wmproved drug attachment and modification of a drug elution rate without
the drug weight loss that occurs when the fall GCIB i3 used.

Measurement of the Neuiral Beam cannot be made by corvent measurerent ag is
convenient for gas chuster ton baams. A Meutral Beam power sensor is used to facilitate
dostmetry when fradiating a workpiece with a Meutral Bearn, The Neutral Bearo sensor is
a thermal sensor that intercepis the beam (or optionally a known aaveple of the beam). The
raie of rise of temperature of the sensor is related to the energy fhux resulting from
energetic beam irradiation of the sensor. The thermal measurements must be made over a
Hmited range of temperatures of the sensor to aveid ervors due to thermal re-radiation of
the energy incident on the sensor. For a GCIB process, the beam power {walte) is agual to
ihe beam cuwrrent {amps) times Vae, the beam acceleration voltage. When a GCIB
irradiates a workpiece for a period of time {seconds), the energy {joules) received by the
workpiece is the product of the beam power and the irvadiation time, The processing
effect of sach a beamn when it processes an extended area is distribuied over the area {for
exarople, cm®). For ion beams, it has been conveniently conventional to specify a
processing dose in terms of jrradiated ions/ony, where the lons are either knows or
assumed to have at the time of acceleration an average charge state, g, and {o have been
accelerated through a potential difference of |, Vage volts, so that cach lon carries an energy
5t q Vae eV {an eV is approximately 1.6 x 107" joule), Thus an ton beam dose for an

2 gorresponds 10 2

average charge siate, g, accalerated by Vace and specified in tons/cre
readily caloulated energy dose expressible in joules/om®. For an accelerated Neutral Beam
derived from an accelerated GCIB as utilized in embodiments of the present invention, the
vaiue of g at the time of aceeleration and the value of Vac 15 the same for both of the
{later- formed and separated) charged and uncharged fractions of the beam. The power in
the two {neuiral and charged) fractions of the GCIB divides proportional to the mass in
each beam fraction. Thus for the accelerated Neutral Bearm as employed in embodiments
of the invention, when equal areas are irradiated for squal times, the energy dose
{joules/cre®) deposited by the Neutral Bearo is necessarily less than the energy dose
deposited by the full GCIB. By using a thermal sensor to measure the power in the full

GCIR, Pg, and that in the Neutral Beam, Py, {(which 1s commonly found to be from about
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5% to about 95% that of the full GCIB) i is possible w caleulate a compensation factor for
use in the Neutral Beam processing dostmetry. When Py s equal to a¥Pg, then the
compensation factor is, k = 1/a. Thus i¥ a workpiece is processed using a Neutral Beam
derived from a GCIB, for a time duration is made o be k times greater than the processing
duration for the full GCIB (inchiding charged and neutral beant portions) requured to
achigve a dose of I {ons/em?, then the energy doses deposited in the workpiece by both
the Neutral Beam and the fudl GCIB are the same {though the resalis may be different due
to qualitative differences in the processing effocts due to differences of particle sizes in the
two beams.) As used herein, a Neutral Beam process dose compensated in this way 15
sometimes deacribed as having an energy/om’ equivalence of a dose of I ions/em®,

Use of a Neotral Beam derived from a gas cluster ion beam m combination with a
thermal power sensor for dosimetry in many cases has advaniages compared with the use
of the full gas cluster ion beam or an intercepted or diverted portion, which inevitably
comprises a mixture of gas cluster ions and neutral gas chustery and/or neatral monomers,
and which is conventionally measured for dosimelry purposes by using a beam current
measurement. Some advantages are as follows:

1) The dosimetry can be mors precise with the Neutral Beaw using a thermal
sensor for dosimetry because the total power of the beam is measured. With a GCIB
employing the fraditional beam current measurement for dosimetry, only the condribution
of the ionized portion of the beam is measured and empioyed for dostimetry. Minute-to-
minute and setup-to-setup changes 1o operating conditions of the GCIB apparatis may
result in variations in the fraction of peutral monowmaers and neutral clusters in the GCIB.
These variations can result in process variations that may be less controlled when the
dostmetry is done by beam current measurement.

2) With a Neuiral Beam, s wide vanety of materials may be processed, including
highly insulating materials and other materials that may be damaged by electrical charging
effects, without the necessity of providing a source of target neutralizing electrons to
prevent workpiece charging due to charge transported to the workpiece by an ionized
beam. When emploved with convenitonal GCIB, target neutralization to reduce charging
is seldom perfect, and the neutralizing electron source itsedf often introduces problems
such as workpiece heating, contamination from evaporation or sputtering in the eleciron
source, eio. Since 8 Neutral Beam does not transport charge 1o the workpiece, such

problems are reduced,
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3} There is no necessity for an additional device such as a large aperture high
strength magnet to separate energefic monower tons from the Neutral Beam. In the case
of conventional GUIB the risk of energetic monomer jons {and other small cluster ions)
being transporied to the workpiece, where they penetrate producing deep damage, is
significant and an expensive magnetic {iller is routinely required to separate such particies
from the beam. In the case of the Neutral Beam apparatus disclosed herein, the separation
of all wns from the beam to produce the Neutral Beam inherently removes all roonomer
ioms.

Ag used herein, the term “intermediate size”, when referring to gas chister aize or gas
cluster ion size i intenwded to mean sizes of froro N = 10 to N = 1300,

As used herein, the terms “GCIR”, “gas cluster jon beany” and “‘gas cluster ion” are
intended 1o encompass not only wonized beams and 1ons, but also accelerated beams and
ions that have had all or a portion of their charge states modified (nchuding neutralized)
following their acceleration. The terms “GCIB” and “gas cluster ion beam™ are tniended
i encornpass all beams that comprise accelerated gas chusters even though they may also
covaprise non-clustered particles. As used herein, the term “Neutral Beawm” is intended to
mean a beam of neuiral gas clusters and/or nevtral monomers dervived from an accelerated
gas chuster ion beam and wherein the acceleration results from acceleration of a gas cluster
on beam.

As used herein in referencing a particle 10 a gas or a particle in a beam, the form
“monomer” refers eqgually to either a single atom or a singls molecule. The terms “atom,”
“molecule,” and “monomer” may be used ierchangeably and all refer to the appropriate

wonomer that 18 characteristic of the gas under discussion {either a component of a cluster,
a coraponent of a cluster ion, or an atom or molecule).  For example, 8 monatomic gas
fike argon may be referved to in forms of atoms, molecules, or monomers and cach of
those terms means & single atom. Likewise, in the case of a diatomic gas hke niirogen, it
may be refarred fo in torms of atoms, molecules, or monomers, each term meaning a
diatomic molecole. Furthermore a molecular gas ke T or BaHe, may be referred to
terots of atoms, moelecules, or monomers, each term meaning a polyatom:c molecule,
These conventions are used to simplify generic discusaions of gases and gas clusters or gas
clusier ions independent of whether they are monatoroic, diatomic, or molecular in their

aseous formn. In referring to a constimient of & molecule or of a solid material, “aton™ has

UQ

its conventional meanng.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, together with other and further
objects thereof, reference is made to the accompanying drawings, wherem:

Figure § {3 a schematic ilhistrating clements of a prioy art apparatus f0r processing a
workpiece using a GUIB;

Figure 2 is a schematic ithistrating eloments of another prior art apparatas for
workpiece processing using a GCIR, wherein scanning of the ton beam and manipulation
of the workpiece 1s employed;

Figure 3 is a schematic of an apparatus according to an embodiment of the invention,
which uses electrostatic deflection plates to separate the chargad and uncharged beam
COMPOnNSnts;

Figure 4 is a schematic of an apparatus according to the an embodiment of the
inveniion, using a thermal sensor for Neutral Beam roeasurement;

Figaire § 1s a schematic of an apparatug according o an embodiment of the mvention
which uses deflected ion heam current collected on a suppressed deflection plate as a
componend of a dosimairy schems;

Figure 6 is a schematic of an apparatus according to an embodiment of the invention
which uses a sample of the deflected ion beam collected in 3 faraday cup as a component
of a dosimetry scheme;

Figure 7 shows a schematic of an apparatus according to an erbodiment of the
invention, emploving mechanical scammung for bradiating an extended workpizce
uniformly with a Nevtral Beamy;

Figure § shows a schematie o an apparatus according to an embodiment of the
invention with means for controliing the gas target thickness by injecting gas inio the
beamline chamber;

Figure 9 shows a schematic of an apparatus according o an embodunent of the
invention, which uses an electrostatic mirror 1o separate charged and nentral beam
componenis;

Figure {0 shows a schematic of an apparatus according o an embodiment of the
invention wherein an accelerste-decelerate configuration is used to separate the charged
beam trom the neutral beam components;

Figure 11 shows a schematic of an apparatus according to an embodiment of the

invention wherein an aliernate accelerate-decelerate configuration is used i separaie the
g
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charged beam from the neutral beam components;

Figures 124, 128, 12C, and 12D show processing results indicating that for a metal

{ilm, procesaing by a neutral component of a bearn produces superior smoothing of the

(Vs

it compared {0 processing with cither a full GCIB or a charged component of the beam;
Figures 13A and 13B show companison of a drug coating on a cobalt-chrome coupon
representing a drug ehuting medical device, wherein processing with a Meutral Beam
produces a superior result fo processing with a full GCIE;
Figure 14 is a achematic of & Neutral Beam processing apparaius according o an
embodiment of the invention wherein roagnetic separation is employed;
Figures 154, 138, and 15C are TEM images itlusirating the superior interfaces

produced when using Neutral Beam embodiments of the invention as compared to gas
cluster ion beams;

Figure 16 is a graph showing a SIMS profile of a shallow boron tmplantation suitable
for forming shallow junctions, using an embodiment of the invention;

Figure 17 is a TEM imags showing a high quality interface formed when an
embodiment of the invention i3 waed in forming a boron doped semiconductor;

Figare 18 is a graph iHustrating the etching of Si0) and St using an embodiment of the
invention;

Figures 19A and 198 are TEM mmages ilusirating the use of embodiments of the
28

fvention in forming amorphous layers in semuconductor materials;

Figures 204 and 208 are TEM images illustrating the application of accelerated

Weutral Beams denved from GCUBs for forming flma n semiconductors;

Figure 21 is a graph illustrating the deposition of a diamond-like carbon filmon a

N
L

Figure 221

N e

silicon substrate using an accelerated Neutral Beam derived from ap accelerated GO,

is an atomic force micrograph map of roughness of a clean, conventionally

colished optical glass surface, showing a degres of roughness, lack of plananiy, and the
f B & 2 Vs
presence of aspenties,

Figure 23 1¢ an atomic force micrograph map of an optical glass surface after
smoothing according 1o an erobodiment of the invention using an accelerated Neutral
Beam denved from an accelerated GCIR;

Figures Z4A, 248, 24C, and 24D are schematics that show sieps in a process for using

an accelerated Meutral Beam derived from a GCIB or for using a GCIB for producing an

optical coating on an optical substrate with superior adhes

esion of the coating to the
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substrate according to an embodiment of the invention as compared with conventional
technigques;

Figures 25A and 258 are atomic force micrograph maps of surfaces of an unireated
L8O opucal component showing degradation due to atmospheric exposure;

Figures 264 and 26B are atomic force micrograph maps of surfaces of an LBRO
optical component treated using an accelerated Neutral Beare derived from a GUIB, with
resulting reduced degradation due fo atmospheric exposure following freatment according
to an embodiment of the invention;

Figures 27A, 278, 27C, and 27D are schematics that show steps in a process for
using an acceleratad Neutral Beam devived from a GCIB o form a 8iC or Six layeron a
silicon substrate; and

Figures 284, 288, 28C, 28D, 28K, 28F, Z8G, and 28H are schematics that show
steps in a process for using an accelerated Neutral Beam denived from a GCIB 1o forma
hard mask pattern on a substrate without the use of pholoresists as is required for advanced

micro-fabrication of some devices.

DETAILED DESCRIFTION OF THE DRAWINGS

Reference is now made to Figure 1, which shows a schematic configuration for a prioy
art GOIB processing apparatus 188, A low-pressure vessel 162 has three fhudly
connected chambers: a nozzle chamber 184, an londzation/acceleration charnber 186, and a
processing chamber 188, The three chambers are evacuated by vacoum pumps 1463,
146h, and 146, respectively. A pressurized condersable source gas 112 {for example
argon) stored in a gas storage oyhoder 111 flows through a gas metering valve 113 and a
fead tube 114 info a stagnation chamber 116, Pressure {typieaily a few atmospheres) in
the stagnation chamber 116 results in ¢jection of gas info the substanually lower pressure
vacuun through a nezzle 116, resulting i formation of a supersanice gas jet 118, Cooling,
resulting from the expansion in the jet, causes 2 portion of the gas jet 118 to condense into
clusters, each consisting of from several (o several thousand weakly bound atoms or
molecules. A gas skimmer aperture 128 10 employed to corgrol flow of gas mio the
downstream chambers by partially separaiing gas molecules that have not condensed inlo

a cluster jof from the cluster jet. Excessive pressure in the downstream chambers can be



1

t

o
LA

WO 2016/145337 PCT/US2016/022058

L

{

5

{

detriroental by interfering with the transport of gas chuster tons and by interfering with
management of the high voltages that mayv be employed for beam formation and transport,
Suitable condensable source gases 112 include, but are not limited o argon and other
condensable noble gases, nitrogen, carbon dioxide, oxygen, and many other gases and/or

as mixtures., After formation of the gas clusters in the supersonic gas jet 11§, at least a
portion of the gas clusters are ionized In an fonizer 122 that is rypically an electron impact
iomizer that prodaces electrons by thermal ernission from one or more incandesecent
filaments 124 {or from other suitable eleciron sources) and accelerates and directs the
slectrons, enabling them to collide with gas clusters in the gas jet 118, Flectron impacts
with gas clusters eject electrons from some portion of the gas clusters, causing those
clusters to become positively fonized. Some clusters may have more than one electron
gjected and may become nultiply fonized. Control of the mumsher of electrons and their
energies after acceleration typically infleences the munber of lonizations that may ocour
and the ratio between multiple and single iopizations of the gas chusters. A suppressor
elecirode 142, and grounded electrode 144 extract the cluster ions from the lonizer exit
apertire 126, accelerate them to a desired energy (typically with acceleration potentials of
from several hundred V to several tens of ¥V}, and focuses them o form a GCIB 128,
The region that the GCIB 128 traverses between the lonizer exit aperiare 126 and the
suppressor elecirode 142 is referred to as the extraction region, The axis {determined at
the nozzle 118), of the supersonic gas jet 118 confaining gas clusters is subsiantially the
same as the axis 154 of the GCIB 128, Filament power supply 136 provides Glament
voltage Veto heat the tonizer filament 124, Anode power supply 134 provides anode
voltage V4 1o accelerate thermoelectrons enutted Hom flament 124 fo emuse the
thermoelectrons o irvadiate the cluster-containing zas jot 118 o produce cluster jons. A
supprassion power supply 138 supplies suppression voltage Vs {on the order of several
hondred (0 a few thousand volts) to bias suppressor clectrode 142, Accelerator power
supply 148 supplies acceleration voltage Vaco t0 bias the ionjzer 122 with respect to
suppressor electrode 142 and grounded elecirode 144 so as to result in a total GCIR
acceleration potential equal 1o Vaee. Suppressor electrode 142 serves fo exiract jons from
the ionizer exit aperiure 128 of wonizer 122 and to prevent undesired electrons from
entering the omzer 122 from downstream, and to form a focused GCIB 128,

(f

A& workpicee 168, which may (for example} be a medical device, a semiconductor

\

material, an optical element, or other workpiece to be processed by GUIB processing, 15
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held on a workpiece holder 162, that disposes the workpisce in the path of the GCIB 128
The workpiese holder ts attached o but electrically insulated from the processing chamber
188 by an electrical insulator 164, Thus, GCIB 128 siniking the workpiece 169 and the
workpiece holder 162 flows through an electrical lead 168 to g dose processor 178, A
bearn gate 172 controls transmission of the GCIB 128 along axis 1534 to the workpiece
168, The beam gate 172 typically has an open state and a closed state that is controlled by
a inkage 174 that may be (for example) electrical, mechanical, or electromechanical,
Dose processor 178 controls the openvefosed state of the beam gate 172 to manage the
GCIB dose received by the workpiece 160 and the workpiece holder 162, In operation,
the dose processor 178 opens the beam gate 172 to putiate GCIR jrradiation of the
workpiece 16§, Dose processor 178 typically integrates GCIB electrical current amiving
at the workpiece 168 and workpicce holder 162 to calenlate an accomulated GCIRB
wradiation dose. At a predetermined dose, the dose processor 178 closes the beam gate
172, terminating processing when the predetermined dose has been achieved.

In the following description, for simplification of the drawings, item mumbers from
earlier figures may appear in subgequent figures without discussion. Likewise, iterns
discussed n relation {o earlisr fipures may appear in subsequent figures without jtem
minbers or additional deseription. In such cases Hems with like numbers are like items
and have the previously described features and functions and illustration of tems without
iters manbers shown in the present figure refer to like items having the same functions as
ihe ke tems iilustrated in earlier numbered figures.

Figure 2 shows a schematic Hlustrating ¢lements of another prior art GCIB processing
apparatus 288 for workpiece processing using a GCIB, wherein scanming of the jon beam
and manipuiation of the workptece is employed. A workpiece 168 1o be processed by the
(GCIB processing apparatus 280 {s held on a workpiece holder 282, disposed in the path of
the GCIB 128, In order to accomplish uniform processing of the workpiece 168, the
workpiece holder 282 15 designed io manipulaie workprece 168, as may be required for
untform processing.

Any workpiece surfaces that are non-planar, for example, spherical or cup-like,
rounded, frregular, or other wn-flat configuration, may be orfented within a range of angles
with respect to the beam incidence to obtain optimal GCLB processing of the workpiecs
surfaces. The workpiece holder 202 can be fully articulatad for orienting all non-planar

surfaces to be processed in suitable alignment with the GUIB 128 1o provide processing
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optimiization and uniformity. More specifically, when the workpiece 168 being processed
is non-planar, the workpicee hoider 282 may be rotated 1n a rotary motion 21§ and
articulated jn articulation motion 212 by an articulation/rotation mechanism 304, The
articulation/rotation mechanism 204 may permit 360 degrees of device rotation about
fongitudinal axis 206 {which is coaxial with the axis 184 of the GUIB 128) and sufficient
articulation about an axis 208 perpendicular to axis 206 to maintain the workpiece surface
fo within a desired range of beam meidence.

Under certain conditions, depending upon the size of the workpiccs 164, a scanning
systerm may be deairable to produce uniform imadiation of a large workpiece. Although
often not necessary for GUIB processing, two pairs of orthogonally oriented electrostatic
scan plates 130 and 132 may be utilized to produce a raster or other scanning patiern over
an extended processing area. When such bearo scanning is performed, a scan generator
186 provides X-axis scanning signal voliages o the pair of scan plates 132 through fead
pair 15% and Y-axis scanning signal voltages to the pair of scan plates 134 through lead
pair 158, The scanning signal voltages sre comumonly triangular waves of different
frequencies that cause the GUIB 128 0 be converied mio a scanned GCIB 148, whach
scans the entire surface of the workpicce 168, A scanned beam-definng aperture 214
defines 8 scanned area, The scanned beam-defining aperture 214 is electrically conductive
and is elecinically conmected to the low-pressure vessel 182 wall and supported by support
member 228, The workpiece holder 202 is electrically connected via a flexible electrical
lead 222 to a faraday cup 216 that surrounds the workpiece 164 and the workpiece holder
282 and collects all the corrent passing through the defining aperture 214, The workpiece
holder 282 is clectrically ieolated from the articolatiow/rotatton mechanism 284 and the
faraday cup 216 is elecirically tsolated from and mounted to the low-pressurs vessel 102
by inselators 218, Accordingly, all current from the scanned GOIR 148, which passes
through the scanned beam-defining aperture 214 is collected in the faraday cup 216 and
flows through electrical lead 224 to the dose processor 178, In operation, the dose
processor 174 opens the beam gate 172 to injtiate GUIB uradiation of the workpiece 168,
The dose processor 174 typically integrates GCIB elecirical current amiving at the
workpicee 160 and workp; sce holder 202 and faraday cup 216 to calculate an accumulated
GOE wradiaton dose per unit area. At a predetermined dose, the dose processor 178
cioses the bearn gate 172, terminating processing when the predetermined dose has haen

achieved. During the accumudation of the predetermined dose, the workpiece 168 may be
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manipiiated by the articelation/rotation mechanisin 284 o ensure processing of all desired
surfaces.

Figure 3 is a schematic of a Neutral Beam processing apparatus 388 according to an
embodiment of the invention, which uses electrostatic deflection plates to separate the
charged and uncharged portions of a GCIB. A beamline chamber 187 encloses the ionizer
and accelerator regions and the workpiece processing regions. The beamline chamber 187
has high conductance and so the pressure is substantially vnifornmn throughout. A vacoum
pump 146b evacuates the beamline chamber 147, Gas flows into the beambine chamber
107 in the form of clustered and unchustered gas transported by the gas jet 1318 and in the
form of additional unclustered gas that loaks through the gas skimmer apartire 128, A
pressure sensor 338 transmiis pressure data from the beamline chamber 307 through an
elecivical cable 332 10 a pressure sensor controller 334, which measures and displays
pressure in the beambine charober 187, The pressure 1o the beamline chamber 187
depends on the balance of gas flow into the beamline charnber 187 and the pumping speed
of the vacuum pupp 146h. By selection of the diameter of the gas skimmer aperture 128,
the flow of source gas 112 through the nozzle 114, and the pumping speed of the vaciun
pump 146h, the pressare in the beamline chamber 167 equilibrates at a pressure, Pa,
determined by design and by nozzle flow. The GCIB flight path from grounded elzctrode
144 to workpiece holder 162, is for exarople, 100 cov. By design and adjostment Py may
be approximately 6 x 10°% torr (8 x 107 pascal). Thus the product of pressure and besm
path length is approximately 6 x 107 torr-om {0.8 pascal-cm} and the gas target thickuess
for the heam is approximately 1.94 x 10" gas molecules per cmn?, which combined with
monomer evoliution due to the initial foruzation of the gas clusters in the lomzer 132 and
collisions that ocour between gas chister ions in the GCIB 128 is observed o be effective
for dissociating the gas cluster tons in the GUTE 128 and results in a fully dissociated
accelorated Meutral Beam 314, Voo may be for example 30KV and the GCIB 128 15
accelerated by that potential. A pair of deflection plates (362 and 384) is disposed about
the axis 154 of the GCIB 128, A deflector power supply 386 provides a positive
deflection voltage Vp to deflection plate 382 via electrical lead 308, Deflection plate 304
is connected to elecinical ground by electrical fead 312 and through current sensor/display
318 Deflector power supply 386 is manually conirollable. Vi may be adjusted from zero
to a voltage sufficient fo completely defiect the lonized portion 316 of the GCIB 128 onto

the deflection plate 304 (for example a fow thousand volts}. When the jonized portion 318
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of the GUIB 128 is deflected onto the deflection plate 384, the resulting current, T flows
through elecirical lead 312 and current sensov/display 31 for indication. When Vp is
zern, the GCIB 128 is undeflected and travels to the workpiece 168 and the workpisce
holder 162, The GCIR beam cugrent I is collected on the workpiece 164 and the
workpiece holder 162 and flows through electrical lead 168 and current sensor/display 328
to clectrical ground. In is indicated on the current sensor/display 328 A beam gate 372 15
controlled through a hinkage 338 by beam gate controller 336, Beamp gate controlier 336
may be manual or may be electnically or mechanically timed by a preset value to open the
bean gate 172 for a predetermined mtervall Inuse, Vi i3 set to zero, and the bearn
current, {p, striking the workpiace holder is measured. Based on previous exparir:ncs: fora
givert GOIB process recipe, an initial wradiation time for a given process is determined
kasad on the measured current, Is. Vi is increased until all measured beam cwrrent is
transferved from In to In and Ip no longer increases with increasing Vi, At this pointa
Neutral Beam 314 comprising energetic dissociated components of the initial GCIB 128
irradiates the workpiecs holder 382, The beam gate 172 1s then closed and the workpisce
168 placed onio the workpiece holder 162 by conventional workpiece loading means (not
shown}, The beam gate 172 is opened for the predetermined initial radiation time. After
the bradiation interval, the workpicoe may be examined and the processing time adjusted
as necessary to calibrate the desired duration of Neutral Ream processing based on the
measured GCIB beam current Iy, Following such a calibration process, additional
workpieces may be processed using the calibrated exposure duration.

The Neutral Beam 314 contains a repeatable fraction of the initial energy of the
acceterated GCIR 128, The remaining fonized portion 3186 of the original GCIB 128 has
been removed from the Neutral Beam 314 and is coliected by the grounded deflection
plate 384, The jomzed portion 316 that is rersoved from the Meutral Beam 314 may
include monomer ions and gas cluster ions including intermediate size gas clusier fon
Because of the monomer evaporation mechanisms due to closter besting during the
wnization process, intra-beam collisions, background gas collisions, and other causes {all
of which result in erosion of clusters) the Neutral Beam substaniially consists of neutral
monomiers, while the separated charged particles are predominately cluster ons. The
inventors have confirmed this by suitable measurements that inchude re~lomizing the
Neutral Beam and measuring the charge 1o mass ratio of the resulting ions. The separated

charged beam components largely consist of cluster tons of intermediate size as well ag
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monomer jons and perhaps some large cluster ions. As will be shown below, certain
superior process results are obtained by processing workpieces using this Neniral Beam.
Figure 4 13 2 schematic of a Neutral Beam processing apparatus 480 according 0 an
empbodiment of the invention, which uses a thermal sensor for Megtral Beam measurement.
A thermal sensor 402 attaches via low thermal conductivity attachument 484 o a rotating
support arm 418 attached to a pivot 412, Actuator 408 moves thermal sensor 482 viaa
reversible rotary motion 416 between positions that intercept the Neotral Beam 314 or
3CIB 128 and a parked posttion indicated by 414 where the thermal sensor 402 doss not
fntercept any beam. When thermal sensor 482 is in the parked position {indicated by 414)
the GUIB 128 or Neutral Beam 3314 continues along path 486 for wradiation of the
workpicce 168 and/or workpiece holder 162, A thermal sensor controtler 424 controls
positioning of the thermal sensor 482 and performs processing of the signal generated by
thermal sensor 482, Thermal sensor 482 commuuncates with the thermal sensor controlier
428 through an electrical cable 418, Thermal sensor controlier 428 convmumicales with a
dosimetry controlior 432 through an slecirical cable 428, A beam current measurement
device 424 measures beam currenmt Iy flowing in clectrical lead 188 when the GCIB 128
strikes the workpisce 168 and/or the workpiece holder 162, Heam cwrrent measurement
device 424 copununicates g beamn current meazgrement signal o dosimetry controller 432
via electrical cable 426, Dosimetry controller 432 controls setting of open and closed
states for beam gate 172 by control signals transmitied via lnkage 434, Dosimetry
controller 432 controls deflector power supply 448 via electrical cable 442 and can control
the deflection voltage Vp between voltages of zero and a positive voliage adeguate to
completely deflect the ionized portion 316 of the GCIH 128 to the defiection plate 304,
When the 1onized portion 316 of the GCIB 128 strikes deflection plate 384, the resuliing
current Ip 18 measured by current sensor 422 and communicated (o the dosimetry
controlier 432 via slectrical cable 438, Tn opertion dosimetry controller 432 gsis the
thermal sensor 482 to the parked position 414, opens bearn gate 172, sets ¥V 1o zer0 80
that the full GCIB 128 sinkes the workpiece bolder 162 and/or workpiece 168, The
dosumetry controller 432 records the beam current Is tranamitied from bearm current
measurement device 424, The dosimetry confrolier 432 then moves the thoomal sensor
442 from the parked posttion 414 to intercept the GCIB 128 by commands relayed through
thermal sensor controller 428, Thermal sensor controtler 428 measures the beam energy

flux of GUIB 128 by calculation based on the heat capacity of the sensor and measured
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rate of temperature rise of the thermal sensor 442 as its temperature rises through a
predetermined measurement lemperature (for exarople 70 degrees O and communicates
the caloulated beam energy flox to the dosimetry controller 432 which then calculates a
calibration of the beam energy flux as measured by the thermal sensor 482 and the
corresponding bearn current measured by the beam current measarement device 424, The
dosimetry confrolier 432 then parks the thermal sensor 482 at parked position 414,
allowing it to ool and commands application of positive Vp to deflection plate 382 until
all of the current Ip due to the fomized portion of the GCIB 128 is transferred to the
deflection plate 304, The current sensor 422 measures the corresponding Iy and
communicates it to the dosimetry controller 432, The dostmetry controller also moves the
thermal sensor 402 from parked position 414 to intercept the Neutral Beam 314 by
commands relaved through thermal sensor controller 428, Thermal sensor controbler 428
measures the beam energy flux of the Neuwtral Beam 314 using the previously determined
cahibration factor and the rate of temperature rise of the thernial sensor 482 as its
terperature rises through the predetermined measurement temnperature and conununicates
the Neutral Beam energy flux to the dosimetry controller 432, The dosimelry controller
432 caloulates a neutral beam fraction, which is the ratio of the thermal measurement of
the Neutral Beam 314 energy fux to the thermal measurement of the full GCIB 128
energy flux at sensor 482, Under typical operation, a neutral beam fraction of about 3% two
about 95% is achieved. Before begiming processing, the dosimetry controlier 432 also
moeasures the current, In, and determines a current ratio between the inilial values of Ip and
In. During processing, the instantaneous Ip reasurement muliiphied by the nitial In/ly
ratio may be used as a proxy for continuouns measurement of the Ip and employed for
dosimetry during control of processing by the dosimetry coniroller 432, Thus the
dosimetry coniroller 432 can compensats any beam fluctuation during workpiece
processing, just as if an actual beam current measurement for the full GOIE 128 were
available, The destmetry cordrolier uses the neutral beam fraction to compute a desire
processing time for a particular beam process. Durning the proceas, the processing time can
b adjusted based on the calibrated measurament of Ip for correction of any bears
fluctuation duning the process.

Figure 5 is a schomatic of a Neutral Beam processing apparatus 588 according to an
embodiment of the invention that uses detlecied ion beam current collected on g

suppressed deflecton plate as a component of a dostmetry scheme. Referring briefly to
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Figure 4, the dosimselry scheme shown in Figure 4 can sulfer from the fact that the current,
Ip, inciudes the current due to the tonized portion 316 of the GCIB 128 as well ag
secondary electron currents resulting from ejection of secondary electrons emitted when
the tonized portion 318 of the beam strikes deflection plate 384, The secondary electron
vield can vary depending on the digtribution of cluster ton sizes in the ionized portion 316,
It can aleo vary depending on the surface state {cleanbiness, etc.} of the wnpacted surface of
the deflection plate 384, Thuy, in the schame described in Figure 4, the magniude of Ip s
not g precise representation of the curvent due to the lonized portion 316 of the GCIB 128
Referring again now to Figure §, an iroproved measurement of the wonized portion 316 of
GCIB 128 can be realized af deflection plate 384 by adding an eleetron suppressor grd
clactrode 362 proximal {o the surface of deflection plate 384 that receives the iopized
portion 316, The eleciron suppressor grid efectrode 882 is lughly transparent to the
iomized portion 316, but is biased negative with respect to the defiecuon plate 304 by
second suppressor voltage Vs provided by second suppressor power supply 386
Effective suppression of seeondary electrons 15 typically achieved by a Vs on the order of
several tens of volts, By suppressing the eroission of secondary electrons, the current
loading of deflector power supply 448 is reduced and the precision of the In representation
of the current in the ionized portion 316 of the GUIB 128 s increased. Electron
suppressor grid 82 is insulated from and matained in proximity o detlection plate 364
by insulating supports 564.

Figure & is a schematic of a Neutral Beam processing apparatus 358 according to an
asmbodiment of the invention that uses a samiple of deflected 1on beawm current collectad in
a faraday cup as a component of a dosimetry scheme. In this embodunent of the
invention, a sample 886 of the jonized portion 316 (as shown in Figure 5} is captured ina
faraday cup 558, Sample cwrrent, ls, collected in the faraday cup 338 s conducted via
electrical lead 364 to current sensor 862 for measurement, and the measurement s
communicated to a dosimetry controller 366 via alectrical cable 8564, Faraday cup 558
provides a superior current measurement 0 that obtained by measuring the current I
collected by deflection plate 384 {as shown in Figore 5} Current sensor 362 operates
substantially as previously described {or the curvent sensor 422 {as shown in Figure §)
except that current sensor 362 has increased seonsitivity 1o accommodate the smaller
magnitude of s as compared to In. Dosimetry controlier 366 operales substantially as

revicusly described for dosimetry controlier 432 {as shown in Figure 5} except that it i3
k o R < & ; ‘i
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designed to acconmmodate a smaller current measurement Is {as compared to Ip of Figure
3).

Figure 7 1¢ a schematic of a Neuwral Beam processing apparatus 808 according to an
erobodument of the invention that uses mechanical scanner 682 o scan a spatially extended
wotkpizce 164 through the Neutral Beam 314 to facihitate uniforro MNeutral Beam scanning
of a large workpiece. Since the Neutral Beam 314 canvot be scanned by magnetic or
slectrostatic technigues, when the workpiece 168 to be processed is spatially larger than
the extent of the MNewtral Beam 314 and uniform processing of the workpisce 164 is
required, a mechanical scanner 682 is emplovad to scan the workpiece 168 through the
Neutral Beam 314, Mechanical scanner 682 has a workpiecs holder 16 for holding
workptece 166, The mechanical scanner 682 15 disposed so that either the Neutral Bearo
314 or the GCIB 128 can be ncident on the workpiece 168 and/or the workpiece holder
$16. When the deflectiom plates {302, 384) deflect the ionized portionn 316 out of the
GCIB 128, the workptece 168 and/or the workpiece holder 616 receive only the Neutral
Beam 314, When the deflection plates (382, 384) do not deflect the iomized portion 316 of
the GCIR 128, the workpiece 168 and/or the workpiece holder 616 receives the full GCIB
128, Workpiece holder 6§16 i3 elecirically conductive and s insulated from growumd by
insulator 614, Beam current {In) due to GCUIB 128 incident on the workpiece 168 and/or
the workpiece holder 616 is conducted to beam current measurernent device 424 via
electrical lead 168, Beam current measurement device 424 measures Iy and conununicates
the measurament 1o dosunetry controller 628, Mechanical scanner 682 hag an actuator
base 64 containing actuators controlled by mecharncal scan controlior 618 via electrical
cable 828, Mechanical scanmer 602 has a Y-displacement table 686 capable of reversible
motion in an Y-direction 618, and it has an X-displacement table 608 capable of reversible
motion 1w an X-direction 612, indicated as in and out of the plane of the paper of Figure 7.
Movemenis of the Y-displacement table 686 and of the X-displacement table 608 are
actuated by actuators in the actuator base &84 uoder contro! of the mechanical scan
controlier 618, Mechanical scan controller 618 communicates via elecivical cable 622
with dosimetry controller 628, Function of dosimetry controfier 628 inchudes all functions
previcusly described for dosimetry controller 432, with additional function for controlling
the mechanical scanner 647 via compunication with mechanical scan condrolier 618,
Based on measered Neatral Beam energy flux rate, dosirnetry controller 628 caloudates

and communicates {0 mechanical scan controller 618 the Y- and X-scamuung rates for
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causing an integral munber of complete scans of the workpicce 168 {o be completed
during processing of a workpisce 180, insuring complete and unifomn processing of the
workpizce and fnsures a predetermined energy flux dose to the workpiecs 188, Except for
the use of a Newtral Beam, and the use of 2 Neutral Beam energy fhux rale measurement,
such scamning control algorithms are conventional and comunonly employed in, for
examples, conventional GCIB processing tools and in ion implantation tools. Tt is noted
that the Neutral Beam processing apparatus 608 can be used as a conventional GCIB
processing ool by controlling the deflection plates (382, 384} so that GUIB 128 passes
without deflection, allowing the full GCIB 128 to irradiate the workpiece 188 and/or the
workpiece holder 616,

Figure 8 is a schematic of 3 Meutral Beam processing apparains 788 according to an
embodiment of the invention that provides active setiing and control of the gas pressure in
the beamline chamber 187, A pressore sensor 336 transmits pressure measurement data
from the beamline chamber 187 through an electnical cable 332 to a pressure controller
716, which measures and displays pressure 1o the beamline chamber. The pressure in the
beamline chamber 187 depends on the balance of gas How into the bearoline chamber 187
and the pumping speed of the vacvum pump 146b. A gas bottle 782 contains a beamline
gas 704 that is preferably the same gas species as the source gas 113, Gas bottle T2 has a
remotely operable leak valve 786 and a gas feed tube 788 for leaking bearnline gas 784
mio the beamline chamber 37 through a gas diffuser 718 in the beamline chamber 187,
The pressure controller 716 15 capable of recetving an input set poind {by wanual sniry or
by aufomatic entry from an systems controlier {not shown}} in the form of a pressure set
point, a pressurs times bearn path length set point (based on predetermuned beam path
fength), or a gas target thackness set point, Once a set point has bean established for the
prassure controller 716, it regulates the flow of beamline gas 704 o the beamline
chamber 147 to maintain the set point during operation of the Neutral Beam processing
apparatus. When such 2 beamnline pressure reguiation systern 1s employed, the vacuum
pump 146b is normally sized so that in the absence of beamdine gas 784 being introduced
o the beamiine chamber 187, the basehine pressure in the beamline chamber 107 s
iower than the desired operating pressure. 1f the basehine pressure 1s chosan so that the
conventional GCIB 128 can propagate the Isngth of the bean path without excessive
dissociation, then the Meutral Beam processing apparatus 788 can also beused as a

conventional GUIB processing tool,
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Figure 9 is a schematic of a Nevtral Beamn processing apparatus 368 according fo an
embodiment of the invention that employs an electrostatic murror for separation of the
charged and neutra! beam portions. A reflecting electrode 382 and a substantially
transparent electrical grid elecirode 804 are disposed displaced from sach other, paraliel to
cach other, and at a 45-degree angle to the beam axis 184, The reflecting electrode 882
and the substantially traneparent electrical grid electrode 884 both have holes (836 and 838
respectively) centercd on the beam axis 184 for permitiing passage of the Neutral Beam
314 twough the two electrodes. A mirror power supply 818 provides a muvor elecinical
potential Vi across the gap between the reflecting electrode 882 and the substantially
transparent elecinical grid electrode 384 via electrical leads 866 and 8388, with polarity as
indicated in Figure 9. Vi is selected to be shghtly greater than Vaee + Va (Vg being the
retarding potential required to overcome the thermal energy the gas cluster joi has before
jonization and acceleration — Vr 18 typically on the order of a few kV3. The eleciric field
generated between the reflecting electrode 862 and the substantially transparent elecirical
grid electrode 804 deflects the lonized portion 814 of the GCIB 128 through
approximately a 90-degree angle with reapect to the axis 184, A faraday cup 812 is
disposed (o coliect the ionized portion 814 of the GUIB 128, A suppressor electrode grid
clectrode 816 pravents escape of secondary electrons from the faraday cup 812, The
suppressor grid electrode 816 is blased with a negative third suppressor voltage Vsz
provided by third suppressor power supply 832, Vs 1s typically on the order of several
tena of volts, The faraday cup current, oz, representing cuirent in the deflecied onized
portion 814 of the GCIB 128 {and thus the current in the GCIB 128) flows through
electrical lead 828 to current sensor 824, Cwirent sensor 824 measures the curvent I and
fransmits the measorement o dosimetry confrolier 838 via electrical lead 826, The
function of dosimetry controlier 838 is as previously described for dosimetry controdler
432, except that dosimetry controlier 838 receives Iy current measurement information
from current sensor 824 and dosimetry controller 8348 does not conwol deflector power
supply 448, but instead controls mirror power supply 318 via electrical cable 348, By
setting malrroy power supply 814 to output etther zero volis or Vi, dosimetry controller
B30 controls whether the full GOIB 128, or only the Neuairal Beam 334 of GOIB 128 13
transmitted 1o the workpiece 168 and/or workpiece holder 616 for measurement and/or
PrOcessing.

Figure 10 is a schematic of 2 Neutral Beam processing apparatus %48 according 1o an
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embodiment of the invention, which hag the advantage of both the tonizer 122 and the
workpisce 168 operating at ground potential. The workpicce 168 1s held in the path of
MNeutral Beam 314 by electrically conductive warkpiece holder 162, which in turn ia
supporied by electrically conductive support member 934 attached 1w a wall of the low-
pressure vessel 182, Accordingly, workpiece holder 162 and the workpiece 168 are
electrically grounded. An acceleration electrode 948 exiracts gas cluster fons from lonizer
exit aperture 126 and accelerates the gas chustar ions through a voltage potential Vace
provided by acceleration power supply 844 o form a GCIB 128, The body of jonizer 122
is grounded and Vag is of negative polarity. Neutral gas atoms m the gas jet 118 have a
small energy on the order of several tens of milli-electron-volts. As they condense into
clusters, this energy accunuilates proportional to cluster size, N. Sufficiently large clusters
gain nop-negligible cnergies from the condensation process and when accelerated through
a voltage potential of Ve, the final energy of each ion exceeds Vagze by its neutral cluster
setenergy. Downstream of the acceleration electrode 948, a retarding slectrode 982 18
emploved to ensure deceleration of the fonized portion 958 of the GCIB 128, Retarding
electrode 952 1¢ biased at a positive retarding voltage, Vi, by retarding voltage power
supply $42. A retarding voltage Ve of a few kV is generally adequate o ensure that ail
ions in the GCIB 128 are decelerated and returnad to the acceleration electrode 948,
Permanent magnet arrays 958 are attached 1o the acceleration clectrode 848 (o provide
magnetic suppression of secondary electrons that would otherwise be ematted as a result of
the returned ions striking the acceleration electrode 948, A beam gate 172 iz 3 mechanical
beam gate and is located upstream of the workpiece 168, A dosimetry controller 946
conirols the process dose received by the workpiace. A thermal sensor 462 is placed o &
position that intercepis the Neutral Beamn 314 for Neutral Beam energy flux messurement
or in the parked position for Neutral Beam processing of the workpiece under control of
the thermal sensor controller 428, When thermal sensor 402 15 1n the beam sensing
posiiton, the Neutre] Bearo energy flux {s measured and transmitted to the dosimetry
controtler 846 over elecirical cable 836, In novmal use, the dosimeiry controller 946
closes the beam gate 172 and commands the thermal sensor controller 424 1o measure and
report the energy fhux of the Neutral Beam 314, Next, a conventional workpiece loading
mechanism {not shown places a now warkpiece on the warkpiece holder. Based on the
weasured Neutral Beam energy flux, the dosimetry controlier $46 calculates an wradiation

time for providing a predetermined desived Neutral Beam energy dose. The dosimetry
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controiler 446 coromands the thermal sensor 402 out of the Neutral Beam 314 and opens
the beam gate 172 for the caloulated irrdiation time and then closes the beam gate 172 at
the end of the caleulated frradiation time 1o terminate the processing of the workpisce 168,

Figure 11 is a schematic of a Neutral Beam processing apparatus 268 according o an
embodiment of the invention, wherein the jonizer 122 operates at a negative potential Vp
and wherein the workpiece operates at ground potential. An aceeleration electrode 948
extracts gas cluster ions from ionizer exit aperture 136 and sccelerates the gas cluster ions
toward a potential of Vae. provided by acceleration power supply 944 to form a GCIB
128, The resulting GUIB 128 is accelerated by a potential Vae-Vi. A ground electrode
8962 deceleratss the lonized portion 95§ of the GCIB 128 and returns it to the acceleration
glectrode 948,

Figure 14 is a schematic of a Neutral Bearn processing apparatus 988 according to an
embodiment of the invention. This embodiment is simular to that shown 1 Figure 8,
sxcept that the separation of the charged beam components from the neutral beam
components is done by means of a magnetic feld, rather than an electrostatic field.
Referring again to Figure 14, a magnetic analyzer 282 has maguetic pole faces separated
by a gap i which a magnetic B-fleld is present. Support 984 disposes the magoetic
analyzer %82 relative 1o the GCIB 128 such that the GCIB 128 enters the gap of the
magnetic analyzer 982 such that the vector of the B-field is traveverse to the axis 154 of
the GCIB 128, The jonized portion 998 of the GCIB 128 is detiected by the magnetic
analyzer 982, A baffle 986 with a Neutral Beam aperture 988 is disposed with respect o
the axis 154 so that the Neutral Beam 314 can pass through the Neuatval Beam aperturs 988
to the workpiece 168, The iomzed portion 998 of the GCUIB 128 strikes the baffle 986
and/or the walls of the low-pressure vessel 182 where it dissociates 1o gas that is pumped
away by the vacuum pumyp 146b.

Figures 124 through 12D show the comparstive effects of tull and charge separated
bearns on a gold thin fim. In an expertimental setop, a gold {ilm deposited on a silicon
substrate was processed by a full GCIB {(charged and neutral components), a Neutral
Beam {charged components deflected out of the beam), and a deflected bearn comprising
only charged components. Al three conditions are derived from the same mitial GCIB, a
30KV accelerated Ar GUIB. Gas target thickness for the beam path after acceleration was
approxireately 2 x 10 argon gas atoms per cm®. For each of the three beams, exposures

ware maichad to the total energy carried by the fusll beam {charged plus neutral} at an ion
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dose of 2 x 10° gas cluster ions per em?®. Energy flux rates of each bearn were measured
using a thermal sensor and process durations were adjusted to ensure that each sample
received the same toial thermal energy dose equivalent to that of the full {charged plus
neutraly GCIB dose.

Figure 12A shows an atomic foree nricroscope (AFM} 5 micron by 5§ mucron scan and
statistical analysis of an as-deposited gold film sample that had an average roughness, Ra,
of approximately 222 mua, Figure 12B shows an AFM scan of the gold surface processed
with the full GUIB - average roughness, Ra, has been reduced to approximately 1.76 nm.
Figure 12C shows an AFM gean of the surface processed using only charged components
of the beam {after deflection from the neutral beam components} - average roughnass, Ra,
has been increased to approximately 3.51 wn. Figure 120 shows ap AFM scan of the
surface processed using only the neutral component of the beam {(after charged
components were deflected out of the Neutral Beam) — average roughness, Ra, is
srooothed to approximately 1.56 nm. The full GCIB processed sample (B) 1s smoothey
than the as deposited film (A}, The Neatral Beam processed sample (D} is smooother than
the full GCIB processed sample (B). The sample (C) processed with the charged
component of the beam i3 substantially rougher thav the as-deposiied film. The results
support the conchision that the neutral portions of the beam contribute to smoothing and
the charged components of the beam contribute to roughening.

Frgures 134 and 138 show comparative results of full GCIB and Newtral Beam
processing of a drug fifm deposited on a cobalt-chrome coupon used to evaluate drug
elution rate for a drug ehating coronary stent. Figure 13A represents a sample irradiated
using an argon GCIB {nchuding the charged and neutral comuponents) accelerated using
Vaer of 30KV with an irradiated dose of 2 x 1077 gas cluster wons per om?. Figure 138
represents a sample irmadiated using a Neutral Beam denived from an argon GCIB
accelerated using Vace of 30kV. The Neutral Beare was uradiated with a thepmal energy
dose equivalent to that of a 30kV accelerated | 2 x 10%° gas cluster ion per are? dose
{equivalent determined by beam thermal energy fiux sensor). The irradiation for bath
samples was performed through a cobalt chrome proxiriy mask having an array of
circular apertures of approximately 50 microns diameter for allowing beam transmission.
Figure 13A 15 a scanmung electron micrograph of a 3034 micron by 300 micron region of the
sample that was irradiated through the mask with full beam. Figure 13B 15 2 scanmng

electron micrograph of a 300 micron by 300 micron region of the sample that was
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irradiated through the mask with a Neutral Beam. The sample shown in Figura 13A
exhibits damage and efching cansed by the full beam where it passed through the mask,
The sample shown in Figure 138 exhubits no visible effect. In elution rate tests in
physiological saline solution, the samples processed iike the Figure B sample (but without
mask) exhibited superior {delayed) elution rate compared to the samples processed like the
Figure 13A sarmople (but without masgk). The results support the conchision that processing
with the Neutral Beam contributes fo the destred delayed slution effect, while processing
with the full GCIR {charged plus neutral components) contributes to weight loss of the
drug by etching, with infertor (less delayed) elation rate effect,

To further ilustrate the ability of an accelerated Neutral Beam denived from an
accelerated GCIB to aid in attachment of a diug o o surtace and to provide drug
modification in such a way that it results in delayved drug elution, an additional test was
performed. Silicon coupons approximately lom by tem (1 omZ) were prepared from
highly polished clean semiconductor-guality silicon wafers for use as drug deposition
substrates. A solution of the drug Rapamyein {Catalog bumber R-3000, LC Laboratories,
Wobuarn, MA 01801, USA)Y was formed by dissolving 500mg of Rapamyein in 20mi of
acetone. A pipette was then used to dispense approximately § micro-liter droplets of the
drug solution onto cach coupon. Following atmospheric evaporation and vacuum drying
of the solation, this left approximately Smrn diameter circular Rapanmyein deposiis on each
of the silicon coupons. Coupons were divided into groups and either left vn-irradiated
{controls) or irradiated with various conditions of Neotral Beam irvadiation. The groups
were then placed in individual baths (bath per coupon) of human plasma for 4.3 howrs to
allow chition of the drug into the plasma. After 4.5 hours, the coupons were removed
from the plasma baths, rinsed in deionized water and vacuoum dried. Weight
measuremeanis were made at the following stages in the process: ) pre~-deposition olean
silicon coupon weight; 23 following deposition and drying, weight of coupon plus
deposited drug; 3} post-irradiation weight; and 4} post plasma-clution and vacuum drving
weight, Thus for each coupon the following information is avaslable: 1) initial weight of
the deposited drug load on cach coupon; 2} the weight of drug lost during irradiation of
each coupon; and 3} the weight of drug lost during plasma ehution for each coupon. For
each wradiated coupon it was confitmed that drug loss during irradiation was negligible.
Drug loss dunng elution in buman plasma 13 shown 1p Table 1. The groups were as

foliows: Conirol Group — no iradiation was performed; Group 1 — fradiated with &
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Meutral Beam derived from a GCIE accelerated with a Vae of 30kV. The Group |
irradiated beam energy dose was equivalent to that of a 30kV accelerated, 5 x 10 gas
cluster inn per om? dose {energy equivaience determined by beam thermal energy flux

sensory; Group 2 - irradiated with a Neutral Beam denved from a GCIB accelerated with a

5 Vaee of 30kV. The Group 2 frradiated beam energy dose was eguivalent to that of a 30kV
accelerated, 1 x 10" gas cluster ton per em® doss (energy equivalence determined by bemmo
thermal energy flux sensor); and Group 3 — irradiated with a Neuwtral Beam derived from a
GUYR accelerated with a Vaee of 25kV. The Group 3 irradiated beam energy dose was
equivalent to that of a 25k V accelerated, 5 x 107 gas cluster ton per om? dose (energy

10 equivalence determuned by beam thermat energy Hux sensor)
TABLE 1
" Group Control Groupt Group 2 ‘Group 3
{Dose] §5 x 1074 {1 x 109 5 x 1079
Vasc) {30 KV} {30 KV} {25 k)
o Start | Ehstion | Elution | Start | Eiution | Elution | Start | Blution | | Start | Flution | Elutien
Conpen Load | Loss Loss | Load | Loss Loss | Load { Loss | Loss | Load } Loss ‘ Loss
it bg) | (v I e %o g el | %) e bg) %
t 83 1 60 | 72 88| 4 50930 10 |t [ 8s - 0
287 55 ey 100 7 701020 16 |16 82 5 i 5
"""" I T S B (OO 5 R S S T ST B TR R B i 1
AAAAAAAAA i T T R s 5 ;
ot = o T e RN TR h —
_________ P o e 5 T e
p value 0.00048
Table i shows that for every case of Neutral Beam irradiation {Groups 1 through 3},
15 the drug lost during 2 4.5-hour elotion into hnrnan plasma was much lower than for the un-

irvadiated Control Group, This mdicates that the Neatral Beam wrradiation results jo betier

drug adhesion and/or reduced elution rate as

compared to the un-irradiated drug. Thep
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values {heterogeneous unpaired T-test) indicate that for each of the Neutral Beam
trradiated Groups 1 through 3, relative to the Contral Group, the difference in the drug
retention {ollowing elution in human plasma was statistically significant,

Figures 13A through 15C show the comparative effects of full beam {charged plus
uncharged components} and charge separated beam on a single crystal silicon wafer as
may be typically emploved in semiconductor applications. The silicon substrate bad an
initial pative oxide layer of approximately 1.3 mm. In separate instances, the silicon
substrate was processad using a full GCIB {charged and neutral components), a Meutral

Beam denived from a GCIB {charged components removed from the beam by deflection),
and a charged cluster beam comprising only the charged components of a GCIR foliowing
their separation from the neutral components. Al theee conditions were derived from the
same fmeiial GCIB conditions, a 30kV accelerated GCIR formed from a2 mixture of 98% Ar
with 2% Oz, For each of the three beams, irradiated doses ware matched to the total
energy caried by the full beam {charged plus neutral) at an fon dose of 2 x 10% gas cluster
ions per omé. Energy flux mates of each beam were measured using a thermal sensor and
process durations were adjusted to ensure that sach sample received the same total thermal
energy dose equivalent to that of the full {charged phlus peutral) GUIB. The three saroples
were evaluated by sectioning followed by Imaging by transmission electron microscopy
{TEM).

Figure 134 is a TEM image 1880 of a section of a silicon substrate irradiated by the
full GCIB {charged and veuiral beam components). The imradiation was incident on the
sificon substrate from the dirsction of the top of the mage toward the bottom of the image.
Prior to sectioning for TEM imaging, the top surface {irradiated surface) of the silicon
substrate was coated with ap epoxy overcoat to facilitate the sectioning operation and o
avoid damage to the substrate during the sectioning process. In the TEM tmage 1808, the
epoxy overcoat 1386 is seen at the top of the image. The irradiation formed an amorphous
region 1004 comprising silicon and oxygen having a ptinionum thickness of approximately
4.6 nm. A rough interface [808 having a peak-to-peak variation of approximately 4.8nm
was framed between the amorphous region 1084 and the underlying simgle crystalline
sificon 3802, as g result of the trradiation process,

Figure 158 18 a TEM image 1828 of 2 section of a silicon substrate irradiated by the
separated charged component of the GCIB (charged portion only). The trradiation was

ncident on the silicon substrate from the direction of the top of the image toward the
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bottom of the mage. Prior to sectioning for TEM imaging, the top surface (irradiated
surface} of the silicon subsirate was coated with an epoxy overcoat to facilitate the
sectioning operation and to avoid damage o the substrate during the sectiomng process,
In the TEM image 1628, the epoxy overcoat 1026 i3 seen at the top of the mage. The
wrradiation formed an armorphous region 1024 comprising silicon and oxygen having a
mininwm thickness of approximately 10.6 no. A rough interface 1528 having a peak-to-
peak variation of approximately 5.9 nm was formed between the amorphous region 18234
and the underlying single crystalline silicon 18923, as a result of the brradiation process,

Figure 15C is a TEM image 1840 of a section of a silicon subsirate irvadiated by the
nettral portion {charged components separated by deflection and discarded). The
uradiation was incident on the silicon substrate from the direction of the top of the image
toward the bottom of the image, Prior to sectioning for TEM imaging, the top surface
{irradiated surface) of the silicon substrate was coated with an epoxy overcoat to facilitate
the sectioning operation and to avoud damage to the substrate during the sectioning
process. In the TEM image 1848, the cpoxy overcoat 1046 s seen at the top of the image.
The irradiation formed an amorphous reglon 14 comprising silicon and oxygen bhaving a
substantially uniform thickness of approximately 3.0 nm. A smooth interface 1048 having
a peak-to-peak vanation on an atomis scale was forroed betwesn the amorphous region
1844 and the underlying single erystalline silicon 1842, as a result of the irvadiation
Procass.

The resulis of processing shown in Figures 134 through 15C indieate that in
semiconductor applications, the use of an accelerated Meutral Beam derived from
accelerated GUIB by charge separation results in superior interfaces between the
iradiation processed and unprocessed regions as compared o either a fult GCIB or only
the charged portion of a GCIB. The data also shows that a smooth uniform oxide Slm can
be formed on silicen using a Neutral Beam denved from a GCIB and that such film 15 free
of the rough interface often associated with the use of conventional GCIB. Without
wishing to be bound to a particular theory, it is balieved that the improvement likely
resudis from the elinmation of intermediate size clusters or from the elimination of all or
most clusters from the beam.

Figure 16 is a graph 1868 showing results of secondary 1on mass spectrometry {(SIM3)
depth profile measurement of a shatlow boron umplantation in a silicon substirate

preformed using a Neutral Beam according 10 an embodiment the jovention. The graph
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plots boron concentration 1862 measured in boron stoms/ce {atons/om’) as a function of
depth measured in nm, Using apparatus similar to that shown in Figure 4, a 30kV
accelerated GCIR was formed from a mixture of 99% Ar with 1% diborans (B:Hs )
Stagnation chamber pressure was §O psi (5.5 x 1P pascal), vozzile flow was 200 standard
cr/minute (3.3 standard em’/sec). Full beam current {charged plus neutral components
prior to separation by deflection was approximately G.55 muieroA {(pA). The pressore in
the beam path was maintained at approximately 6.9 x 107 torr (9.2 % 107 pascal) and the
background gas forming that pressure was essentially argon/diborane. The argon/diborans
pas target thickness for the region between the accelerator and the workpiece was
approximately 2.23 x 10" argon/diborane gas monomers/ony’, and the accelerated Neutral
Beam was observed o consist essentially of fully dissociated neutral moonomers at the
target. Using electrostatic deflection, all charged particles were deflected away from the
beam axis and out of the beam, forming the essentially fully dissociated Neutral Beam
Thus the Neuiral Beam was an accelerated monomer nentral argon/diborane beam.
Diosimetry was done using a thermal sensor {o calibrate the total Neutral Beam dose
delivered (o the silicon substrate such that & Neutral Beam deposited energy squivalent to
that energy which would be deposited by 2 6.3 x 10 gas cluster lons / em? irradiation
dose by an accelerated (30kV} GCIB including both the charged and uncharged particies
{without neatralization by charge separation). The depth profile shown n Figure 16
indicates that the Neutral Beam boron ton implantation resulting fom using a Neutral
Beam derived from a GCIB, results in a very shallow boron implantation. The junction
depth estimated from the 10'% borow atoms/cm’ concentration depth oceurs at about 12 nm
depth, a very shallow junction. Integrating the boron dose over depth indicates an areal
density of approximately 7.94 x 10'% boron atoms / cm?,

Figure 17 is a TEM image 1188 of a section of a silicon substrate irradiated by the
nentral portion {charged componenis separated by deflection and discarded) denved from
a GCIB. Using apparatus similar to that shown 1o Figure 4, a 30kV accelerated GUIB was
formed from a mixture of 99% Ar with 1% diborane {B2Hs). Stagnation chamber pressure
was 8% psi {6.05 x 107 pascal}, nozele flow was 200 standard cin’/minute (3.3 standard
cm'/sec). Full beam current {charged plos neutral componenis prior 1o separation by
deflection was approximately 0.55 mieroA (1A}, The pressure in the beam path was
maivtained at approximately 6.8 x 107 torr {9.07 x 107 pascal) and the background gas

formung that pressure was essentially argon/diborane. The argon/diborane gas target
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thickness for the region between the acceleralor exit aperture and the workpiece was

* argon/diborane gas monorers/iem®, and the aceelerated

therefore approimately 2.2 x 1
Neutral Beam was observed to consist essentially of fally dissociated neutral monomers at
the farget. Using clectrostatic deflection all charged parucles were detflected away from the
hearn axis and out of the beam, forming a Neutral Beam, which was essentially fully
dissociated. Thus the Neutral Bearn was an accelerated monomer neuiral argonfdiborane
beam. Dostmetry was done using a thermal sensor to calibrate the total Neutral Beam
dose delivered to the stficon substrate such that a Neutral Beam deposited energy
squivalent o that energy which would be deposited by a 1.8 x 10" gas cluster jons / om?
irradiation dose by av accelerated (30kV} GCIB including both the charged and uocharged
particles {without neutralization by charge separation). The tradiation was incident on the
silicon subsirate from the direction of the top of the tmage toward the bottom of the image.

g, the top surface (rradiated surface} of the ailicon

o

Prior to sectioming for TEM imagin
sabsirate was coated with an epoxy overcoat to facilitate the sectioning operation and {0
avoid damage to the substrate during the sectioning process. Referring again to Figore 17,
in the TEM image 1188, the epoxy overcoat 1186 is seen at the top of the image. The
irradiation formed an amorphous region 1384 comprising silicon and boron having a
substantally uniform thickness of approximately 1.9 nm. A spwooth interface 1108 having
a peak-to-peak variation on an atomde scale was formed between the amorphous region
1184 and the underlying single wrystathine silicon 112, as a result of the iradiation
procass. Prior art GCIB irradiation of semiconductor materials for introducing dopants,
siratn inducing species, eic. are known to form rougher mterfaces botween the processed
film and the underlying substrate, similar 1o the interface 10808 shown in Figure 15A, Tt is
shown that diborane can be eroployed to effectively dape a senuconductor with boron,
with a bigh quality interface between the doped film and the underlving subsirate. By
using other gases containing other dopant and/or latuce-straining species, species for
mcreasing the solid solubility limit of a dopant, or species for promoting surface
amorphization, high quality films with superior interfaces between Him and subsirate roay
be obtained as corapared fo conventional GOIB wehnology, where the presence of
mtermediate-sized clusier ions in the bearn may resuit in a rough interface. Some dopant-
cortatning gases that may be employed alone or in mixtures for introducing dopants are,
diborane {B:Hg), boron trifluoride {BFy), phosphine {PH1}, phosphorous pentafluoride

{PFs), arsine {AsHs), and arsenic pentailuoride {AsFs), as examples without imitation,
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may be employed for incorporating dopant atoms into gas chusters.  Some gases that may
be employed alone or in mixtures for mroducing lattice-stralning Speciss are germana
{Gelyg), germarium tetrafluoride (GeFy), sitane {SiHa), sthcon tetrafluoride (SiFs),
methane, (CHyp Some gases that may be eroployed alove or in mixtures for promoting
amorphization are, without imitation, argon {Ar}, germane (GeHq), germanium
tetrafluoride {GeFy), and fluorine {F2}. Some gases that may be employed alope or in
mixtures for promoting dopant solubility are germane (GeHs) and germanium tetralluoride
{GeFy). Dopant-containing gases, gases containing lattice-straining species, gases
coptaining amorpiuzing species, and/or gases containing species for uaproving dopant
solubility {and optionaliy inert or other gases) may be emploved in mixtures for
simultanecus formation of combinations of benefits by the accelerated Neutral Beam
process. In Figure 17, the lead line connecting the numeric designator 1108 fo its abject
changes color to maintain contrast on regions in the fgure having differing backgrounds.
Figure 18 tilustrates a depth profile measurement graph 1284 obtained after using an
accelerated Neutral Bean denved from a GCIB w eteh a silicon dioxide (8i0) filmon a
silicon substrate and to etch the silicon substrate. Using apparatus siilar o that shown in
Figure 4, a 30kV accelerated GCIB was {ormed using argon. Stagnation chamber pressore
was 28 psi {1.93 x 107 pascal), nozzle flow was 200 standard cro’/minute (3.3 standard
crnfsec). Full beam curvent {charged plus newtral coraponents prior (o separation by
deflection was approximately §.50 microA {pA). The argon gas target thickuess for the
region between the accelerator and the workptece was approximaiely 1.4% x 10 argon
gas monomers/emn?, and the accelerated Neutral Beam was observed to consist essentially
of fully dissociated neutral monomers at the target. Using electrostatic deflection all
charged particles were deflected away from the beam axis and out of the bearn, forming a
Neuiral Beam. Thus the Neutral Beant was essentially an accelerated neutral argon
monomer beam. Dosimetry was done using a thermal sensor to calibrate the total Neutral
Beam dose deltvered to the silicon substrate such that a Neutral Beam deposited energy
equivaient w that energy which would be deposited by a 2.16 x 10'° gas cluster 1ons/om?
frradiation dose by an accelerated 305V GUIB including both the charged and uncharged
particles {without neutralization by charge separation). A silicon dioxide (SiOq) fibn
(approximately 0.5 micron {pm] thick) on a stlicon substrate was partially masked with a
narrow {approximaiely 0.7 mm wide} strip of polvimide film tape and then irradiated with

the accelerated Neutral Beam. Following the frradiation the polyimide tape was removed.



WO 2016/145337 PCT/US2016/022058

LA

10

46

Referring again to Figure 18, the depth profile measurenient graph 1288 was generated
using a TENCOR Alpha-Step 250 profilometer to measure the step profile, in a direction
along the surface of the SiQ; film (on silicon substrate) and acrogs the region masked by
the polyimide {ilm tape, due to the eiching resuliing from the aceelerated Neutral Beam.
Plateau 1202 represents the unetehed surface of the 310: film beneath the polyimide film
{afier film removal and cleanmg), while the regions 1204 represent the siched portion. The
aceclerated Neutral Beam produced an etch depth of approximately 2.4 microns {uni),
etehing all the way through the 0.5 micron SiOn film and an additional 1.9 microns indo
the underlying crystailine silicon substrate, producing the step shown in depth profile
measurement graph 1286, Argon and other mert gases may be used as source gases to
eich by physical means. By using a reactive source gas 01 using a source gas
incorporating a reactive gas in a mixture, reactive siching can also be performed using a
Weutral Beam. Typical reactive gases that may be used alone or in mixtore with inert
gases are {(without Hmitation) oxygen {Og), carbon dioxide {COr), nitrogen (N}, anumonia
{NHz}, fluorine {F2), chlorine (Ch), sulfur hexafluoride {(S¥e), tetrafluoromethane (CF4},
and other condensable halogen-containing gases.

Figures 194 and 198 are TEM images illustrating production of anwrphous layers in
crystalline semiconductor matenial by tradiating with accelerated Neutral Beams denived
fromn GUIBs. Prior to sectioning for TEM imaging, the top surface of each sarople was
coated with an epoxy overcoat to {acilitate the sectioning operation and o avoid damage
to the surface during the sectioning process, Native oxide forms spontansously 1o air or
water when bare stlicon is exposed.

Figure 19A i3 a TEM image 1228 of a section of a silicon substrate with a filo of
native Si(3;. To the TEM image 1228, the epoxy overcoat 12286 is seen at the top of the
image. A thin {approximately 1.3 nm) native oxade film 1224 is seen on the underlying
silicon subatrate 1233

Figure 19B is a TEM image 1248 showing results of irradiation of a silicon substrate
by an accelerated argon Neutral Beam derived from a GUIB. A silicon wafer having a
native oxide {ilm similar to that shown in Figore 19A was cleaned in 1% aqueous solution
of hydrofluoric acid to remove the native oxide, The cleaned silicon substrate was
irradiated using 8 Mewiral Beam derived from a 30 kV accelerated GCIB {charged
compaonents removed from the bearn by deflection) formed from argon. The uradiated

dose was matched in energy o the total energy carried by a tull beam {charged plus
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neutral) at an fon dose of 5 x 10" gas-chister ions per cm? by using a thermal sensor to
match the total energy deposited by the Neutral Beam 1o that of the full § x 106" gas-
cluster fons per om? beam. Referring again o Figure 198, the TEM image 1240 shows the
epoxy overcoat 1246, a 2.1 nm thick amorphous film 1244 1p the surface of the stboon
formed by the accelerated Newtral Beam irradiation, overlying the crystalling sihicon
substrate matarial 1242, A smooth interface 1248 having a peak-io-peak vartation on an
atomiie scale was formed between the amorphous film 1244 and the underlying crystalline
siltcon material 1242, as a result of the rradiation process. This shows that the noble gas,
argon {Ar}, may be employed to form an amorphous layer in a erystalline semiconductor
material, Some other gases (without Heutation) that may be used to form amorphous
layers by employing thent in formation of accelerated Neutral Beams for embodiments of
the invention include, xenon {(Xe}, germane {GeHy), and germanim tetrafluonide {(GaFq).
Such source gases may be used alons or in mixtures with argon or other noble gases. In
Figure 198, the lead line connecting the nomeric designator 1248 1o Uis object changes
color to maintain contrast on regions in the figure having differing backgrounds.

Figures 20A and 20B are TEM images illustrating the growth of an oxide film on
stiicon by the use of accelerated Neutral Beams derived from GCIBa. Prioy 10 sectioning
for TEM imaging, the top surface of each saruple was coated with an epoxy overcoat to
facilitaie the sectioning operation and to avoid damage to the surface during the sectioning
process.

Figure 204 is a TEM mmage 1268 showing resulis of irradiation of a silicon substrate
by an accelerated Newtral Beam derived from a GCIB. A silicon wafer having a native
oxide fikm similar to that shown m Figoure 194 was cleaned in 1% agueous solation of
hydrofluoric acid to remove the native oxide. The cleaned, bare silicon subsirate was then
irradiated using a Neoiral Beam derived from a 30 kV accelerated GUIB {chargad
componenis removed from the beam by deflection} formed from a source gas mxbwe of
8% Ar with 2% O;. The wradiated Neoutral Beam dose was energetically equivalent
{ensrgy cquivalence determined by beam thermal energy flux sansor) to a 30kV
aceelerated GOIB at an ion dose of 2.4 x 107 gas cluster ions per em®. Referring agam
to Figure 204, the TEM image 12680 shows the epoxy overcoat 1266, a 2 o thick oxide
film 1264 in the surface of the silicon formed by the accelerated Neutral Beam irradiation,
overlying the crysiatiine silicon substrate material 1262, A smooth interface 1268 baving

a peak-io-peak variation on an atonuic scale was formed between the oxide film 1264 and
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the underlying crystaliine silicon material 1282, as a result of the irradiation procsss. In
Figure 204, the lead Upe connecting the numerie designator 1268 to 118 object changes
color to maintain contrast on regions n the figure having differing backgrounds,

Figure 20B is a TEM image 1280 showing resulis of trradiation of a silicon substrate
by an sceelerated Neutral Beam derived from a GCIB. A siheon waler having a native
oxide film similar fo that shown m Figure 194 was cleaned in 19 aqueous solution of
hydrofluoric acid o remove the native oxide. The cleaned, bare silicon subsirate was then
irradiated using a Neutral Beam derived from a 30 kV accelerated GCIB {charged
components removed from the beam by deflection} formed frovo a soures gas mixture of
98% Ar with 2% ;. The imadiated Neutra! Beam dose was energetically equivalent
{energy equivalence determined by beam thermal energy flux sansor) to a 30kV
accelerated GOIR at an jon dose of 4.7 x 10" gas chuster fons per em®. Referring again
o Figare 208, the TEM image 1280 shows the epoxy overcoat 1286, a 3.3 nm thuck oxade
film 1284 in the surface of the silicon formad by the accelerated Meutral Beam prradiation,
overlying the crystailine silicon substrate material 1282, A smooth interface 1288 having
a peak-to-peak variation on an atomic svale was formed between the oxide filro 1284 and
the onderlying crystaliine silicon material 1282, as a result of the irradiation process. This
shows that a Neuwtral Beam comprising oxygen may be smploved to form an oxide layer at
the surface of a semiconductor material, The thickness of the film grown may be varied
by varying the frradiated dose. By using source gases comprising ather reactive spacies in
forming the accelerated Meutral Beam, other types of films may be grown on
semiconductor or other surfaces, for examples {(without hmitation), oxygen {On), mtrogen
{N2}, or azamonia {NH:}, alone or in mixture with argon {Ar) or other noble gas may be
emnployved. In Figure 208, the lead line connecting the numertc designalor 1288 to s
object changes color to maintain contrast on regions in the figure having differing
hackgrounds.

Figore 21 lustraies a depth profile measurement graph 1368 obianed after using an
acceferated Neuiral Beam derived from a GUIB o deposit a diamond-like carbon filmon a
silicon substrate. Using apparatus stmilar 1o that shown in Figurs 4, a 30KV accelerated
GUIB was formed using a source gas mixture of 10% methans (CHa) with 90% argon.
The accelerated Newtral Beam was observed 10 consist essentiatly of fully dissociated
neutral monomers at the target, Using clectrostatic deflection all charged particles were

deflected away from the bears axis and out of the beam, forming a neutral roethane/argon
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beam. Thus the Neuotral Beam was essentially an accelerated neatral methane/argon
monomer beam. Dosimeiry was done using a thermal sensor to cahbrate the total Neuntral
Beam delivered (o the silicon substrate such that the Neutral Beam deposited energy

]

equivalent to that energy which would be depostied by a 2.8 microA gas clusier fons/om

e

irradiation dose by an accelerated (30kV) GCIB, inchuding both the charged and
uncharged particles {without neutralization by charge separation). A silicon substrate was
partially masked with a narrow {approximaiely 1 mm wide) strip of polyimide film tape
and then the substrate and mask were bradiated with the accelerated Meutral Beam for 30
minutes, depositing a diamond-like carbort film. Following trradiation the mask was
removed. Referring again to Figure 21, the depth profile messurarent graph 1308 was
generated using a TEMNCOR Alpha-Step 250 profilometer to measure the step profile, ina
divaction along the surface of the silicon substrate and across the region masked by the
polyimide film tape, due to the deposition resulting from the accelerated Nevtral Beam,
Flat region 1302 represents the origimal surfsce of the silicon substrate beneath the
pobyimide film {after film removal and cleaning}, while the regions 1384 represont the
deposited dlamond-like carbon portion. The accelerated Neutral Beam produced a
deposition thickness of approximarely 2.2 nucrons {pm}, producing the step shown in
depth profile measurement graph 13048, The deposition rate was approximately .45
anvsec for sach microAdoen? of GCIB current {the energetic equivalent, as determined by
thermal sensor as mentioned above w this paragraph). o other tests, 5% mixiure and
7.5% mixtures of CHy in argon, gave similar results, but with lower deposition rates
resulting from lower UHs percentage in the source gag. Selection of gas mixture and dose
permit repeatable deposition of films with predetermined thickoesses. CHy, alone ormn
suixture with argon or other noble gas is an etfective source gas for depositing carbon
using an accelerated neutral moenomer beam. Other typical gases that may be used alone or
in mixture with inert gases for film deposition using accelerated neutral monomer beams
are {without Hmuation) germane (GeHa), germaniom telraftuoride (GeFy), silane (SiHa),
and sitlicon tetrafluoride {S1Fs).

Figure 22 shows a typical map 1328 resulting from an atomic force microscope {AFM)
gvaluation a 500 nm by S00 nm region of the surface of a conventionally cleaned and
polished sample of a borosilicate optical glass (Coming type 0211) of a type commonly
emploved in applications such as optical windows, display and/or touch-screen substrates,

microscopy shides and coverstips, filters, and the like, The surface has an average
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roughness, Ra, equal to .27 nm and exhibits munercus asperities 1322 having a height on
the order of a few v, Total peak-to-valley deviations are on the order of about 4 wm or
more,

Processing such a surface using an sesentially folly dissociated Newtral Beam derived
from an accelerated GUIB resulis in considerable smoothing and plananization, and
reduces the total peak-to-valley deviation. A conventionally cleaned and polished sample
of Corning type 0211 optical glass was irradiated using a Neuatral Beam derived from a 30
¥V acceleraled GUIB (charged components removed from the bearn by deflection) formed
rom an Argon source gas. The irradiated Neutral Beam dose was energetically equivalent
{energy equivalence determined by beam thermal energy flux sensor; to a 30kV
accelerated GCIB at an ion dose of 1 x 161 gas cluster lons per cm”

Figure 23 shows a map 1340 resulting from an AFM evaluation a 500 nm by 500 wmn
region of the surface of the Neuiral Beam frradiated glass. The surface has an average
roughness, Ra, equal to (.13 mm, approximately half the roughness of the unirradiated
material. The surface i3 essentially free of asperities. Total peak-to-valley deviations are
on the order of about 2 no, approximately half that of the unirradiated optical surface.

The use of an accelerated Neutral Beam derived from an accelerated GCIB by
separation of charged components from uncharged componends is shown to be capable of
mumerous appheations w the field of semiconductor processing, with an addad henefit that
the interface betwsen the laver formmed by the iradiation and the underlying
semieonducior is extremnely smooth and superior to resulis obtained by conventional GCIB
irradiation,

Another optical application that benefits from GCIB or Neutral Bearn processing i
related to the problem of adhering an optical film onto an optical substraie. Optical
devices are commnonly tmproved by coating them with various thin filos to enthance or
improve performance. Such optical films may be employed as protective coatings, anti-
reflection coatings, high reflection coatings, or in comsbinations o produce dichoric thin
film optical filiers. The coatings may be thin metal films (for examples aluminum or
gold), digleciric films {for examples magoesium fhionde, calciam fhuornde, or metal
oxides}, or may be conductive films to enhancs anti-siatic properties or o 8erve as
siectrodes for display or touch scositive structures. Such thin film coatings are often
deposited using physical vapor depasition {PVD) echniques or other conventional

techniques suitable for the purpose. A common problem is that such films often do not
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form a strong interface with the subsirate or subsequent layers and thus may not be as well
adhered as is desirable. A problem arises because the coatings applied by PV} and other
conventional techniques often do not form strong bonds to the subsirate materials bocause
of their dissinulanty with the subsirate materials. GCIB or Neutral Beam processing may
be emploved 1o prodace thin film coatings on optical substrates {onto optical devices or
over other optical coatings) that are rouch more strongly adhered than coatings applied by
the conventional techiugues, To achieve a bigher adhesion performance, a GUIB or
Neuiral Beam may be used 1o convert an iritial seed coating to a strongly integrated
interface layer with the substiate, and then form the final coating to the desired thickness
on the nterface layer. Although both GUIB and Neutral Beany may be employved n many
circumstances, in the cases where either the subsirate or the coating is a dislectric or low
conductivity material, the Neuiral Beam is preferred becanse of the aforementioned
advantages it has for avoiding damage due to the charge transport inberent o fon beam
processing. Both GCIB and Neutral Bearo processing achieve an enhanced adhesion of
the coating without significant subsurface damage as often occurs with conventional
monomer on beams.

Figures 24A through 24D are schematics illustrating steps in embodiments of the
wvention for the formation of strongly adhered optical coatings on optical substrates using
GCIB or Neutral Beam technigques. Figure 24A 38 a gchematic 1488 showing an optical
substrate 1402, having a very thin filio coating of an optical coating material, 1464 having
been previously applied by a comventional technigue such as PVD, There is an mterface
1466 between the optical coating material 1484 and the optical substrate 1482 that has
copventional adhesion properties {(which roay be inadequate for the intended application).
The thickness of the substrate 3402 and the optical coating material 1484 are not
necessartly shown (o scale, GUIBs and Meutral Beams have penetration chavacteristics
dependent on the bears source matenals, the beam acceleration potentials used, and the
range of sizes of any clusiers present in the beam {though in a {elly dissocmted Neutral
Heam, closters are not present}. Dissociated Meutral Beams may, for example, have
pepetration depths indo a typical optical coating material on the order of from abont 1 1o 3
nm, while GCIB and Neuteal Beams containing clusiers may have penetration depths on
the order of from sbout 2 to 20 om {all dependent on the costing waterial and beam
parameters.} In the method of this embodiment of the inventicn the thickness of the

optical coating material 1484 15 chosen so that a practical beam typical parameters will
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penetrate the entire thickness of the optical coating material 1484 and also penetrate a
short distance {on the order of 1 to a fow nm) into the optical substrate 1402,

Figure 2485 is a schematic 1410 showing irradiation of the optical coating material
1404 with a beam 1412, which is a GUIB or a Neutral Beamn, The beam 1412
characieristics are selected in conjunction with the thickness of the optical coating material
1484 s0 that it is assured that at lesst a fraction of the particles m the beam 1412 incident
on the optical coating material 1484 peneirate it entirely. Those that penetrate, pass
through the conventional interface 1406, and into the optical substrate 1402 for 4 distance
on the order of from about 1 0 a few nm. The irradiated GUIB dose or Neutral Beam
dose is for example at least 5 x 10" ions per om® of a for example 30kV accelerated
GCIB, or in the case of a Neuatral Beam, energetically equivalent {energy squivalence
determined by beam thermal energy flox sensor) o a for example 30KV accelerated GCIB
having an jon dose of at least § x 187 gas cluster jons per em®,

Figure 24C s a schematic 1428 showing the structure which results from the
rradiation described above, Iteraction of the beam with the thin fibm of optical coating
material 1484 drives atoms from the optical coating material 1404 futo the optical
substrate 1402, forming a mixture region 1422, wherein the atoms of the optical coating
material 1484 and the optical substrate 1442 are intimately mixed, with a concentration
gradient of optical coating material atoms being higher in the upper regions of the nuxture
region and approaching zere in the lower regions of the nuxture region. The similar atoms
in the upper regions of the mixture region 1422 facilitate a stvong bond with the atoms of
the optical coating material 1484 resultmg 1o the optical coating material 1404 being mach
more strongly adbered o the optical sabstrate than in the case of the conventional
interface 1486 (shown in Figure 4A). The thickness of the optieal coating material 1404,
which i necessarily lirited in thickness to allow penetration of the beam to form the
mixture region 1422, may be too thin for the desired optical coating properties, in such
case, 2 subsequent deposition of addinonal optical coating matenal (8 required (o creais
the desired ophical coating properties.

Figure 2413 i1s a schematic 1438 iusirating an additional deposiied layer of optical
coating material 1432 to increase the net thuckness of optical coating matenal 1464 phus
optical coating material 1432 1o the thickness necessary for the desired optica! effect.
Maierial 1484 and material 1432 are commonly the same material, though they could be

different materials, provided the twe matenials fonm a strong adhesion between
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themselves, In one case, the material 1484 may be dissimilar to both the optical substrate
material and the upper matenal 1432, but the material 1404 may be chosen to bood
chenmdeaily with both the substrate and the upper matenial, whereas the upper material and
the optical subsirate may have no imherent affinity for each other.  In the case of the two
materialy (material 1484 and material 1432 ) being the same, the similanty of atoms
typically resulis in much stronger adhesion between the two Jayers than ocours for the
canventional interface 1486 {which was shown in Figure 244}

A further application that benefits from GCIB or Neuwtral Beaw processing is related to
the problem of atmospheric degradation of materials. For example optical and ather
devices commeonly employ materials that bave highly desirable optical characteristics, but
which suffer from also having characteristics that rnake them susceptible to degradation
when exposed io ordinary atmospheric conditions. This bmits thewr usefulness or usefud
service lifetime or usefisl shelf 1ife when it 15 not practical (o avoid atmospheric exposure.
Such materials may degrade due to surfacs oxidation, absorption of atmospheric moisture,
or due to other reaction of the material’s surfaces at the atmospheric inferface. A specific
sxarople is the material, lithivm triborate (LBO), LiB:0s, which is a preferred matarial for
many non-linear optics (INLO) applications. In NLO applications, LBO often outperformos
other available materials, bul suffers from the disadvantage that itis hyvgroscopic and 5
degraded by absorption of moisture from the aimosphere or other sources. This limits the
sffective hifetime of the material in many applications, or even in other applications where
limited atmospheric shelt-iife causes degradation before the material is placed into service.
Additive surface coatings have conventionally been employed reduce the rate of moisture
absorphion by providing a motstre bartier. However these are niot always as effective as

way be required, and especially in the case of applications where the optical power density
is high {e.g. laser applications), costings may delaminate or otherwise degrade and loose
effectiveness with ime,  As described hereinabove, the adhesion of such coatings may be
improved by emploving the GCIB and accelerated Meutral Beam techniques previously
disclosed for improving {ilm adhesion. However, GCIB or accelerated Neutral Beam
irradiation may also he cmploved to form a thin barrier that reduces surface reactivity
and/or modsture suscepitbility.  The irradiation-formed barrier may be used in
combination with subsequently applied conventional barrier coatings, if desired. Although
both GCIB and Meutral Beam ay be employed in many circumstances, the material

trented s either a dielectric or tow copductivity material, the Nentral Beam is preferred
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because of the sforementionad advantages it has for avoiding damage due 1o the charge
fransport inherent in on beam processing, LBO surfaces detertorate rapidly when exposed
dirsctly to typical ambient atmospheric conditions. Accelerated Neutral Beam irradiation
of LBO surfaces sigmficantly delays such deterioration.

Figures 25A and 258 are atomic force micrograph maps of surfaces of an untreated
£BO optical component showing degradation due {o atmosphenic exposure.

Figore 25A shows a surface of an uncoated LBO optical component that has been {for
less than one hour) exposed to a typical ambient laboratory atmosphere in a conventionally
air conditioned butiding. The map shows a typical one micron by one micron square
region of the erystal. The lnear rough-like features are residual scratches in the
conventionally polished surfsce. Numerous elevated bumps have appeared, indicative of
onset of surface degradation due to atmospheric exposure of the hygroscopic LBO
material. The surface exhibits an average roughness, Ra, of approvimately 030 om.

Figure 285 shows a typical one micron by one micron square region of the same pece
of LBO material after 100 hours of exposure to the same ambisnt laboratory atmosphere,
The surface degradation is seen to have progressed substanually - average roughness, Ra,
is increased to approximately 3.58 nm, due to the increased areas and heighis of the bumps
growing on the surface.

Figures 26 A and 268 are atomic force micrograph maps of surfaces of an LBO optical
component treated using an accelerated Neutral Beam derived from a GCIB, with resulling
reduced degradation doe to atroospheric exposure.

Figure 26A shows a surface of the same plece of uncoated LBO optical component that
was shown above in Figure 254, After briet {for less than one hour) exposure o ambiant
faboratory atmosphere o a conventionally air conditioned building, a povtion of the
surfce was processed with accelerated Neutral Beam rradiation. Following the
trradiation step, the atomie foree microscope image of part of the irvadiated portion shown
i Figure 26A was measured. The map shows a typical one micron by one micron square
region of the irradiated portion of the crystal immediately after radiation. The Hinear
trough-Hke scratches are no longer apparent and the surface exhibits an average roughness,
Ra, of approximately .26 nm. The irradiated portion of the surface was uradiated using a
Neutral Beam dertved from an argon GUIB accelerated using Vaee of 30KV, The Neutral
Beam was irradiated with a neuiral atom dose of 5 x 10 argon atoms per cm?®, Other

Sair]
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experiments have shown that a neutral atom dose of as low as 2.5 x 107 argon atoros per
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e’ is effective {alternatively, effective GCIB doses have similar acceleration and a
comabination of cluster lon sizes and dose that provide a sinuilar dose of argon atoms).

Figure 268 shows a typical one micron by one micron square region of the same piece
of LBO material after 100 hours of continued exposure to the same arsbient laboratory
atmosphere. The swrface degradation has progressed very liftle - average roughness, Ra, i3
approximately .29 nm. The Neutral Beam tiradiation bas resulted i a shallow surface
modification that functions as & barrter {0 moisture absorption and perhaps other forms of
degradation, sxtending the functionaily useful lifetime of the hygroscopic LBO optical
matertal. At the end of 100 howrs of atmospheric exposure the tradiated surface appears
of equal or better quality than that of the original material after just one hour of
atrnospheric exposure.

A further application that benefits from Neutral Beant processing is related to the
formation of a i€ or SiCyx {0.05<X<3) layer on a silicon substrate for providing a surface
that is harder, that s more heat resisiant, that is leas damage prone, that is more refractory,
that has improved chemical properties, that bas different lattice constants, thal may serve
as a base for subseguent layer growth, that may serve as a substrate for deposition of
subsequent material (attics watching or wnproved bonding), 1o serve as a silicon-carbide
semmiconductor layer on a stlicon substrate or to otherwise traprove the silicon substrate.

Figure 27A 15 a schematic 1504 showing a silicon substrate 1502, which may be a
single crystal silicon sobsivate and may be of high purity as is used for semiconductor
manufacturing, The thickness of the silicon substrate 1882 is not necessarily shown to
scale, Neutral Beams have penetration characteristics dependent on the beam source
materiale, the beam acceleration potentials usad, and the range of sizes of any clusters
present in the beam {though in a fully dissociated Meutral Beam, chusters are not present).
Drissociated MNeuwtral Beams may, for example, have penetration depths into a wypical
optical coating matenial on the order of from about 1 10 3 ven, while Neutral Beams
containing clusiers may have penetration depths on the order of {rom sbout 2 to 20 nm
{dependent on the target material and beam parameters.}

Figure 27B 15 a schematic 1518 showing trradiation of the silicon substrate 1582 with
a bearn 3532, which is a Neutral Beam (preferably a Dissociated Neutral Beam.y The
beam 1512 characteristics {inciuding acceleration potantial and dose and source gas) are
selected 80 that i penetrates the siticon substrate 1582 a predatermined desired depth so

that if implants a quantity of carbon atoms appropriate to make the C:St rato in the
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implanted region between about (.05 to about 3 carbon atoms per sificon atom. A carbon-
containing source gas {(preferably methane} is used to provide carbon atorns in the beam,
The implantation forros an implanted laver {which may be amcrphous) having the desired
thickness and carbon:stlicon atomic rato.  The preferred range for trradiated MNentral
Beam dose and acceleration potential is, for example, about T x 10" (o sbout 5 x 103
carbon atoms per cny’ (for 2 beam comprising neutral methane clusters and/or monomers)
formed from gas-cluster ions accelerated using 5 to 50 kV acceleration potential prior to
forming the MNeutral Beam or Dissociated Neutral Beam from the gas-cluster jons.

Figure 27C is & schematic 1528 showing the structure which results from the
uradiation deseribed above. Interaction of the beam with the surface of the silicon
substrate 1502 implants carbon and hydrogen atoms into the silicon substrate 1862,
forming mplanted layer 1822, wherein the atoms of the earbon aund the silicon substrate
1862 are mixed. The hydrogen atoms from the beam are volatile and escape the implanted
layer, leaving carbon and silicon atoms in the layer. The implanted layer will be disrupted
by the carbon atoms and may be amorphous if the carbon: silicon ratio ts sufficiently lngh.

Figure 2713 is a schematic 1538 illustrating the effect of beat freatment (annealing} on
the implanted laver 1822 (Figure 27C) following a heat treating step. The heat treating 1s
preferably in an argon atmosphers or other inert atmosphere using a fumace or radiant
heating apparatus capable of providing sufficient tewperature-time treatment {according to
known technigues) to anneal the implantation darsage and move the implanted carbon to
fattice substitutional sites, The annealed heat freated layer 15832 1s restored to a
substantially crystaliine form.

A further application that benefus from Neutral Beam processing is related o the
formation of a $10 or Si0y (0.03<X<3) layer on a silicon substrate as a practical methad
for photoresistioss Hthography as may be applied in the course of fabricating silicon
devices o with other materials and processes that utihize hithography for transferning
patterns in the course of fabrication a device and which are hardened by forming a carbide
surface {especially for microtabrication with a limited beat budget). Figures Z8A, 288,
280, 28D, 28E, 28F, and 280 are schematics that show sieps in processes for using an
accelerated Neutral Beam derived from a GCIB to {orm a hard mask pattern on a substirate
without the use of photoresists as 18 required for advanced micro-fabrication of some
devices.

Figure 284 i5 a schematic 1688 showing (for example) a silicon substrate 1602, which
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may be an amorphous or a single orystal silicon substrate and may be of high purity as is
used for semiconducter device manufacturing or other micro-fabrication, The thuckness of
the sthicon substrate 1602 is not necessarily shown to scale. A contact template 1684 is
placed on and in contact with the silicon substrate 1662, The opentngs in the contact
tempiate 1684 carry a pattorn that it is desired to tranafer {0 the substrate 1682 for
subsequent paiferned processing of the subsirate 1683,

Figure 288 is a schematic 1618 showing irradiation of the stlicon substrate 1692 with
a beam 1612, which is a Neutral Beam {preferably a Dissociated Newtral Beam.) The
beam 1612 characieristics {including acceleration potential and dose and source gas) are
selected so that where it passes through openings in the contact template 1684 it penetrates
the silicon substrate 1642 a predeterroined desired depth so that it vmplants a quantity of
carbon atoms appropriate to make the €81 ratio in the implanied region between abowt
(.05 1o about 3 carbon atoms per silicon atom (proferably about 8.5 o 1.5 carbon atoms
per silicon atom). A carbon-containing source gas {preferably methane} s used to provide
carbon atoms in the beam. The implantation forms an implanted layer (which may be
amorphous) having the desired thickness {which can be controfled by preselection of the
heam acceleration and dose to be withm the very shallow range of from about 1 fo abowt 3
nm} and desired carbon:silicon atomic ratio i patterned areas and/or regions 1614 on the
silicon substrate 1602, The range for irradiated Newtral Beam dose and acceleration
potential is, for example, aboat 1 x 10% to about 5 x 10'¢ carbon atoms per em? {for a
beam comprising neutral methane clusters and/or monomers) formed from gas-chuster
tons accelerated using 5 to 50 kV acceleration potential prior to forming the Neutral Beam
or Pssociated Meutral Beam from the gas-cluster tons,  After formation of the carbon-
containing patterned areas and/or regions 1614 on the silicon substrate 16€2, the contact
template 1684 s removed before additionat processing, The silicon substrate 1602 may
opticnally be heat treated after formation of the carbon-containing patterned areas and/or
regions 1614, The optional heat freating s preferably in an argon atmosphere or other
mert atmosphere using a furnace or radiant heating apparatus capable of providing
sufficient temperature-time reatment {according o known technigues) to anneal any
uradiation damage and o proroote orystallinity in the regions 1614

Figure 28C is a schematic 1628 showing an alternate arrangement for the pattemn
template. Rather than a contact template, a projection template 1622 15 spaced away from

the silicon substrate 1682 during irradiaton of irradiation of the silicon substrate 16842
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with the bears 1612, MNeutral particles in the beam 1612 pags through the openings in the
template 1622 and uradiate the silicon subsirate 1682 to form implanted areas andfor
regions 1614 where i penetrates the silicon substrate 1682 a predetermined desired depth
so that ¥ implants a quantity of carbon atoms appropriate to make the €St ratio in the
inplanted region between about $.05 0 about 3 carbon atoms per silicon atom {preferably
about 0.5 to 1.5 carbon atoms per silicon atom),  After formation of the carbon-containing
patterned areas and/or regions 1614 on the stlicon subairate 1682, the projection teraplate
1622 is reypoved before additional processing. The silicon substrate 1602 may optionally
be heat treated after formation of the carbon-containing patiemed areas and/or regions
1614, The optional heat treating is preferably in an argon atmosphere or other inent
atmosphere using a furnace or radiant heatling apparatus capable of providing sufficient
temperature-time treatment (according to known fochuiques) to anneal any irradiation
darpage and to promote orysiatlinity in the regions 1614,

Following formation of the carbon-containing patterned areas and or regions as
iHustrated in Figures 288 or 28C, they are used as an efching mask (o control further
processing of the subsirate,

Figure 280 18 a schematic 1530 showing subsequent processing of the stracture which
resuis from the patterning itlustrated in Figores 288 or 28C above, A second beam,
preferably a Neutral Beam or Dissociated Neutral Beam 1634 may be used to eteh the
surface of the substrate, mchiding both the areas and/or vegions 1614 and the un-irradiaied
surfacas. The harder and/or denser areas and/or regions 1634 are morve resistant o beam
etching than the un-irradiated swfaces and the un-irradiated surfaces are etched
preferentiaily (more rapidly) than the areas and/or regions 1614, Beam 1634 15 preferably
an argon Neuiral Beam or Dhssociated MNewtral Beam having been formed from an argon
GCIB having had an acceleration of 10 1o 70 kV prior o neutralization and separation,
Such a bear has a differential etching rate for silicon and SiC that i typically about 101}
or 2001 dependent on neutral bearn ensrgy and the gquality of the SiC. For 30 kV
acceleration, the inventors have measured 1611 and for 50 kY acceleration the inventors
have measured about 81 (S1:8:1Cx eich rate}. The etching by beam 1634 s controlied o
create trenches 1632 in the silicon substrate 1682 while minimally etching the harder
and/or denser arcas and/or regions 1614, as Ulustrated in Figure 280 Although etching
using an argon MNeutral Beam or Dissociated Neutral Beam bas been described, it is

understond thal any conventional etching method having a favorable ditferential cich rate



WO 2016/145337 PCT/US2016/022058

(¥

20

[

]

59

for S1:81C may be emploved to form the trenches 1632

Figure 28F is a schematic 1640 iHusirating an alternate etching techmique (o that
Hustrated in Figure 281, In Figure 28R, the etching beam 1642 iz controlled so as {o
comytetely etch away the harder and/or denser areas and/or regions 1614, leaving plaleaus
1644 and trenches 1632, both of which have upper surfaces consisting of the pure
substrate 1602 matenial, Although etching using an argon Meutral Beam or Dissociated
MNeuiral Beam has been described, it is understood that any conventional etching method
having a favorable differential efch rate for 81:51C may be emploved to form the trenches
1632

Figure 28F is a schematic 1638 illustrating a step of forming a hard mask layer
subsequent to the trench etching. & conventional (preferably low temperature) method is
used to form a hard mask (for example silicon dioxide} layer 1652 on the substrate 1603,
overbying the platcaus 1644 and the tranches 1831, 1t is desirable, but not essential that
the hard mask layer 1852 thickness be only slightly thicker than the depth of the trenches
1632, Other matenals than sthicon dioxide may be emploved, the reqoivement is that it be
a non-contaminating material that will perform well as g hard mask for subseguent
processing. Following oxide formation, the substrate surface is planarized using a
conventional process such as CMP {chemical mechanical polishing).

Figure 28G 15 8 schematic 1660 illustrating the configuration followmg CMP
plavarization, Hard mask regions 1664 alternate with areas 1862 of exposed silicon
substrate 1682 material in a surface planarized confignration. In some situations, where
slevated silicon plateaus may be desirable, this may be the final step, with the silicon
expased for patterned subsequent processing. In other processes, it may be desirable that
the upper silicon surface be coplanar with the bottoms of the hard mask regions 1864, In
such cases additional ciching is required.

Figure 28H is a schematic 1674 iHlustrating the configuration following an additional
etch step. A conventional etching step having a differential etching rate favorable o
etching sihicon faster than oxide is employed. Examples are plasma eiching with for
exampie Ol or CCLFs or simular plasma raterials. By controliing the etch end-point to
coincide with the occurrence of plananization of the upper surface of the sihoon subatrate
1682, the surfaces 1672 of the silicon in the operungs in the hard mask 1664 1s made
planar with the upper surface of the silicon substrate 1682, and the configuration

iHusirated is obiained.
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Although embodiments of the invention have been described with respect to silicon
semiconductor materiale, 1 is understood by the inventors that U is equally applicable to
other semiconductor materials including germanium, and compound semiconductors
meluding, without imitaton, group -V and group I-VI and related maternals and it is
intended that the scope of the fnvention is infended 1o include those materials, Has
understood by the inventors that although embaodiments of the invention has been shown
for exemplary purposes to be useful for procesaes such 2 smoothing, etching, film growth,
film deposition, amorphization, and doping by using silicon semiconductor wafers, i is
understood by the fnventors that the benefits of the invention are not himited only to
procesaes done on bare semiconductor surfaces, bt are equally useful for processing
portions of elecirical circuiis, electnical devices, optical elements, integrated cirouits,
micro-elactrical mechanical systems (MEMS) devices (and portions thereof) and other
devices that are conunonly constructed using conventional modem technologies on silicon
substrates, other semiconductor substrates, and substrates of other materials, and it is
intended that the scope of the invention ncludes such applications.

Although the benefits of applving the Neutral Beam of the invention for electrical
charging~-free processing have been described with respect fo processing various
electricaily insulating and/or non-electrically-conductive materials such as insulating drug
coatings, dielectric films such as oxides and nitrides, insulating corrosion inhibuior
coatings, polymers, organic films, glasses, ceramies, it 18 undersiood by the inventors that
all materiais of poor or low electrical conductivity may benefit from using the Neutral
Beam disclosed herein as a substitute for processing with charge transferring processing
technigues hike ton beams, plasmas, ete., and i is intended that the scope of the mvention
ncludes such materials, It is further underatood by the joventors that Neutral Beam
processing 1s advantageous not only becauss of it reduced charging characteristics, but
also for processing roany materials that are electrically conductive, where other
advantages of Neutral Beam procassing, especially neutral monomer beam procesaing,
which produces loss surface damage, better smonthing, and smoother interfaces between
procassed and underlying unprocessed regions, even in metals snd highly conductive
materials. 1t is intended that the scope of the invention includes processing of such
materials.

Although the benefits of applying the Meutral Beam disclosed herein for electrical

charging-free processing have been desoribed with respect to processing various fosulaiing
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and/or non-elecincally-conductive materials, it is undersiood by the nventors that the
charge-free Neutral Beam processing benelits apply equally o the processing of
electrically conductive, senuiconductive, or slightly conductive materials that exist in the
form of coatings or layers or other forms overlying insulating layers or disposed upon
insulating substrates, wherein the at lsast slightly conductive materials have no reliable
ground connection or other pathway for remnoving surface charges that may be induced by
processing using charge transferring processing techaigues. In such casss, charging of the
at least shghtly conductive materials during processing may produce damage o those
materials or to the underlving insulating materiala. The charging and damage may be
avoided by using the Neutral Beam processing of the invention. 1t is intended by the
fnventors that the scope of the invention inchudes processing of such dissimilar material
arrangements where an at least siightly conductive material overlays an fnsulating
material.

Although the invention has been described with respect to various smbodiments, i
should be realized this invention 18 also capable of g wide variety of further and other

cimbodiments within the spirit and scope of the invention.
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I A photoresistloss method of forming a patterned hard mask on a surface of a substrate
comnprising the steps oft

providing a reduced pressure chamber;

forming a gas cluster ion beam comprising gas cluster ions comprising carbon
atoms within the reduced pressure chamber;

acvelerating the gas clusier ions to form an accelerated gas clusier jon beam along
a beam path within the reduced pressure chamber;

promoting fragmentation and/or dissociation of at least a portion of the accelerated
gas cluster fons along the beam path;

removing charged particles from the beam path to form an accelerated neutral
beam along the beam path in the reduced pressure chamber;

introducing a patternad teroplate and the substrate into the redoced pressure
chamber;

holding the substrate mn the beam path;

treating a portion of a surface of the substrate by irradiating 1 through openings in
the patierned ternplate with the accelerated neutral beam 1o form a hardened and/or
densified carbon-containing patterned laver on the iradiated portion of the sarface by
iroplanting carbon atoms into the wradiated portion of the surface;

separating the templaie from the substrate;

fivst etching the surface having the carbon-coniaining patterned laver (o
preferentially remove material in non-carbon-containing parts of the surfzce, forming one
or more trench{es} and one or more plateau{s);

forming a hard mask layer over the platean(s) and trenchies};

planarizing the hard mask layer to remove 1t from the plateands}, but not the
trench{es); and

optionally, second etching the surface, using the hard mask layer as a mask to

remave substrate material,
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2. The method of claum 1, wherein the step of removing removes essentially all charged
particles from the beam path,

The method of claim 1, further including a step of heat treating the substrate following
the removing step,
4. The method of ¢laim 1, wherein the neoutral beam consisis essentially of gas from the
gas clugter ton beam.
3. The method of claim 1, whersin the step of promoting inchudes ratsing an acceleration
voltage in the step of accelerating or improving fonization efficiency in the forming of the
gas cluster jon beam.

The method of claim 1, wherein the step of promoting includes increasing the range of

velocities of lons i the accelerated gas ciuster ion beam.
7. The method of clatm 1, wherein the step of promaoting includes introducing one or
more gaseous elements used in formung the gas chuster ion beam into the reduced pressore
chamber to fncrease pressure along the beam path.
3. The method of claim 1, wherein the step of promoting inchides frradiating the
accelerated gas cluster ion bearn or the neuiral beam with radiant energy.
8. The method of claim 1, wherein the neutral beam treating at least a portion of a awrface
of the workpizce consists substandially of monomers having energies between 1 eV and
several thousand eV,
10, The method of claim 1, the freating step further comprises scanning the subsirate o
freat extended portions of the surface with the accelerated neuntral bear.
The method of claim |, wherein the sabsirate comprises crystaliing or amorphous
silicon.
12. The method of claimn |, wherein the freating step forms a layer of SiCy {0.05<X <3},
The method of claim 1, wherein the hard mask laver comprises sihicon dioxide,

14, The method of claim 1, wherein the first etching step eroploys a second accelerated
neutral beam comprising argon.
15, The method of elaim 1, wherein the second etching step employs a Ch or CCLF;
plasma etching technique.
16, The method of clatm 1, whersin the acceleration step accelerates the gas cluster tons
through a potential of from § o 50 kV.
17. The method of claim 1, wherein the treating step implants carbon atoms to a

predetermined dose of from 1 x 16™ 10 5 x 1'% {ons per om?,
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18. The method of claim 1, wherein the carbon-containing patterned layer has a thickness of
from about 1 to about 3 nm.

19. The method of claim 1, wherein the second etching step leaves the substrate surface co-

planar with the bottoms of the hard mask regions.



