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BACKGROUND OF THE INVENTION
Cross-linking is the process of chemically joining molecules by covalent
20 bonds. This is a common and important process both in nature and in
industry, to build large and function-specific molecules from small and simple
ones. In the polymer industry, monomers are cross-linked to macromolecular
chains which can also be further cross-linked into polymeric networks. In the
simplest example, a CH4 molecule can be converted to a CHj; radical by the
25 cleavage of one of its C-H bonds, and two CHj radicals can then combine
themselves to C,Hs. Repeating the cleavage of C-H and recombination of
carbon radicals can yield a large cross-linked hydrocarbon network, possibly
in the form of a thin film. In a conventional cross-linking reaction, precursor
molecules containing chemically reactive units to facilitate cross-linking are
30 synthesized and placed together. Another reactive reagent is added to
activate the cross-linking reaction; the activation is typically enacted by bond-
cleavage and radical formation. Heat or another energy source is typically
required to break bonds. To reduce the energy barrier for this bond cleavage
and to increase the reaction rate, a catalyst is normally required. In addition,

35 other chemical additives are often used to moderate the reaction rate, and to
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exothermal or energy-neutral but has a transition energy barrier of about 0.5

eV. As such, the reaction rate is relatively low at room temperature. Indeed,

20 for a gas phase reaction of H + CH; — H, + CH3* with a constant supply of
both reactants at a partial pressure of 1x10” Torr at room temperature, the
generation of CHj« to a partial pressure of 107 Torr, in the absence of any
side reactions, will take about one month. By raising the reaction temperature
to 300°C, the same result can be obtained in about 0.3 second. Although

25 similar examples of using thermal energy to drive chemical reactions forward
are indeed widely used in industry, this heat-driven approach is not applicable
to those reaction systems in which heat causes undesirable side reactions.
For polymer manufacturing, heating the polymer above its glass transition
temperature will cause undesirable deformation. Novel and economical

30 reaction routes for selective C-H bond cleavage with a high throughput and
without any heat requirement are thus desirable.

In another widely adopted method of cross-linking small organic

precursor molecules to a polymeric film, the organic precursor molecules are

fed into a gaseous plasma powered by a direct-current (DC), radio-frequency
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I n anot her wi dely adopted nethod of cross-linking small organic precursor
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ionization, and bond dissociation. Hence, although a polymer film can be
practically formed with plasma polymerization, it is difficult to control the

20 resultant film to match a specific chemical specification such as a film having
only one type of chemical functional group (e.g., COOH) in a certain desirable
concentration (e.g., one COOH group per three carbon atoms such as that in
polyacrylic acid). In fact, Yasuda wrote, “most organic compounds with
oxygen-containing groups such as—COOH, -CO-, -OCO-, -OH, and —O-, are

25 generally reluctant to form a polymer, and the plasma polymers rarely contain
the original oxygen-containing groups” (H. Yasuda, Plasma Polymerization,
Academic Press, Inc., New York, 1985; pp. 112-113).

Several special plasma polymerization methods have been developed

to address these limitations of the general plasma polymerization methods.

30 For example, the technique of pulsed plasma polymerization has been
developed to harness the complex processes of excitation, ionization, and
dissociation in the plasma by supplying the plasma energy to the reactant gas
in a train of pulses with controls of the duration, frequency and power of the

pulses. The concept and applications of this technique have been explained
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formation of undesirable functional groups can still occur when the plasma

pulse is on, an alternative technique to eliminate these problems is still
20 desirable.

In the research and development of new reaction routes, scientists
have discovered that the kinetic energy of a reactant can be an important
reaction attribute. It can be used to drive a chemical reaction which otherwise
relies totally on the thermal energy supplied to the reaction system and the

25 chemical potentials of reactive chemical reagents. The best fundamental
evidence can be found in most scientific articles on molecular beam research
in the literature (see for example, M.A.D. Fluendy and K.P. Lawley, “Chemical
applications of molecular beam scattering”, Chapman and Hall, 1973). In this
research, a beam of atoms or molecules having a specific kinetic energy and

30 internal energy is directed to a target. The energy exchange and resultant
chemical reactions are examined. Such experiments are, however,
technically demanding and economically expensive. In a typical molecular
beam experiment, kinetic energy is added to the atoms or molecules when

they are adiabatically expanded with an inert gas through a small nozzle. The
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applications of nolecular beam scattering”, Chapman and Hall, 1973). In
this research, a beam of atons or nol ecul es having a specific kinetic

ener gy amaioizntogp@B8 energy is directed to a target. Thepremaragylogwedrange and
resultant chem cal reactions are exam ned. Such experinents are, however,
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“Method for %ﬁhgﬁbﬁ Yn%r}g/ analytical instruments such as ion microscopes circumvent
such surface charging problems by flooding the ion bombarded area with low
energy electrons, the concurrent supplies of both energetic ions and electrons

20 with precise controls in energy and dosage to a large irradiation area for
practical industrial manufacturing are technically challenging and
economically expensive.
Recently Lau and coworkers have shown that bombarding an organic
molecule with hyperthermal proton can preferentially break C-H bonds without
25 breaking other bonds (R.W.M. Kwok and W.M. Lau, “Method for selectively
removing hydrogen from molecules”, US Patent Application 20030165635,
filed Feb. 25, 2003; L. Xi, Z. Zheng, N.S. Lam, H.Y. Nie, O. Grizzi, and W.M.
Lau, “Study of the hyperthermal proton bombardment effects on self-
assembled monolayers of dodecanethiol on Au(111)”, J. Phys. Chem. C 112,
30 12111-12115 (2008); C.Y. Choi CY, Z. Zheng, KW. Wong, Z.L. Du, W.M. Lau,
and R.X. Du RX, “Fabrication of cross-linked multi-walled carbon nanotube
coatings with improved adhesion and intrinsic strength by a two-step
synthesis: electrochemical deposition and hyperthermal proton bombardment”,

Appl. Phys. A 91, 403-406(2008); W.M. Lau, Z. Zheng, Y.H. Wang, Y. Luo, L.
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The novelty of this approach is the exploitation of the unusual

kinematics when a hyperthermal proton strikes an organic molecule adsorbed

20 on a conductive solid substrate. In this bombardment process, the incoming
proton will first be neutralized by the conductive substrate when it is still >0.5
nm above the surface. The neutral atomic hydrogen projectile carrying a few
eV in kinetic energy continues to approach the target organic molecule and
enters first to the attractive chemical potential region and forms a transient

25 molecule with the target. The kinetic energy then drives the projectile into the
repulsive potential region and finally the projectile uses up its kinetic energy.
If the projectile and target are merely two hard spheres, after the closest
encounter they will fly apart and the maximum energy transfer is determined
by the two masses with the formula: 4M,My/(M,+M;)>. Hence, a projectile of

30 an atomic mass unit of one can transfer its kinetic energy very effectively to a
target of an atomic mass unit of one (hydrogen atom) but the maximum
kinematic energy transfer drastically drops to 28% if the target has an atomic
mass unit of twelve (carbon atom). This difference in kinematic energy

transfer can be exploited, in principle, to preferentially break C-H bonds
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by their pro ardnent nethod. In all their pub ed” experi nment al

dat a, 1pr ot onandithe pedon keergysenpbe tontsoleahquite priecrsatyt with the commbrogen
I dt t b troll ' I,sel i.fh th
DT A Rk b T b oS a8 ol e Pbedab Yol e,
validity of {HaechRRpeBy aBinib ripl&bbthl_ﬁr a?ﬂéﬁrﬁ}yagafon@bmamﬁssfo@m%méibﬁwf or

the collisions of a proton with a sinp rocarbon nol ecul e under
di f f erent coélpreioarwith ajsiroplertyydrecatbon onmdecuta eindepdifferemtaapllisiayul t s are

i nf ti | n. | ayi he f dat i f ' Ki ' f
br eak G H bolaiecty FonfBoany 1BaEIP Bisir iR ate Miduat<Citadi Y sare
surfaqge char g hdahbr b 85MgKinethhtid ERerYTRAMSHIRB bre&ic COHBéMYsAPE: the Nnot

practical for the industriral manufacturing of polyneric products.
Ther ef ore, i approact dof pratonpomheard mege suensdhe seniedsurfaceschasgingrprobless i vel y

B 0 B R B S BB Bttt o R gt ® ane
manufacturing of polymeric products.
Therefore, it would be very advantageous to provide a method of
20 selectively breaking C-H and/or Si-H bonds which can be used with any

substrate and which avoids breaking other molecular bonds.

SUMMARY OF THE INVENTION
The present invention solves these problems by providing a novel and
25 practical way of generating a high flux of hyperthermal neutral molecular
hydrogen, and by demonstrating practical preferential C-H bond cleavage in a
large irradiation area for cross-linking molecular precursors on any type of
substrate including electrically insulating substrates into a molecular layer with
precise control of chemical and mechanical properties. The invention is
30 applicable in producing a layer of functional specific macromolecules
regardless of the electrical conductivity of the layer or the substrate. The
method is particularly advantageous when the substrate is electrically

insulating so that neutral projectiles are used, as noted in the Background
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SUMVARY OF THE | NVENTI ON The present invention solves these problens by
provi ding a novel and practical way of generating a high flux of

hyper t herwal2ormagbéoal nol ecul ar hydrogen, and by denonst Patriaagoveaeod cal
preferential CH bond cleavage in a large irradiation area for
cross-1linking nol ecul ar precursors on any type of substrate including

el ectri cal | ycurment rabthogisusisg cladrgedipairticies oahmstWeansddwith elédthicgllyeci se
control of chem cal and mechani cal properties. The invention is applicable
i n produci ngingulaig@substratgdict i onal specific macronol ecul es regardl ess of
the electrical co VA : -a medh od is
particul arly advaﬁﬂggtgguésrﬁ%(gﬁemgf {sr%yb@?rsglﬁtéhpgn%%@&ﬁggﬁ y I ngfdgt I ng so
t hat neut r al ppodujoet hypesstheremalsedtralanoleculad hiydragee, Bampgsingrite stegnof:

nmet hod i ng charged particles cannot be d with el ically i | at ed

Substrates. Thus EATUMDAMFRRE 26f DHECHELET ST HRANTAE THHATRIEENS met hod

for produci ngaBARIHRFEST oPaH4E fbnTRLGRUBE T\ EURARAK ARTEN drdtinghe st eps
a plasm and e ting

of : formng xtra romsaid plasna a flux of profons
havi ng ener gsaid flux af pratogs ifitocrchamber o edichomalesulesief bydroged afer ect i ng

said flux of protonsg into a chanber jnto which | ecul es..of hydrogen are
i ntroduced aﬁgrqgh‘éﬁaiaﬁaﬂy'?ﬁ@ﬂbpﬁo %ﬁgé%’incfa\“i’ h%x BFBE?(E%'?%H%"@%W de with
mol ecul es of hyeeNeeer hjdBpeh mPgﬂmgtuiﬁetwagywséi@I foleLIRGWieydRbgen
hydr ogen produci ng energetic nol ecular hydrogén and wherein a cascade of

col | i di0ons bptadkeingsenergetie mpdeculamiydrogémant yhergivra aascastehefrcollisiensul es of
hydr ogen produces a flux of hyperthernmal, neutral nmolecul ar h ogen havi ng
kinetic ener gﬁﬁl%e‘%fhs%{d Pgﬁ&etﬁrﬁﬂ(egﬂ%ﬁpyﬁm@\?nt%" e Mdleciles %ﬁﬁ%(?r&ggpr ed
Kinetic energiduBge Mix &8y rhBEREERHal MesIEE@ar AREEhMavingkinees s from
about 1 eV to about 10CeV. "Further enbodi nents of the’invention are

directed to epergiessinfarangs feemiabeluy 103\etovabeutd0d @dnds of organi ¢ nol ecul es
whil e the nol ecul es_are on, the surface of substrate or arge caonstituyents
of & substrate. by RIS KooinEtewaapar of L Pauktiafod n8iFal EReHlA

hyper tjiker mal hpgiigenlis FBheSHb@ 1 BYdh @Bt Neoewg kinetic energies in a range
fromabout 1 eV to about 100 eV. The nethod is al so useful for selectively

cl eavi ng Si - H bonfsrtber empadiveentaeé the invention are directed to methods for
selectively cleaving C-H bonds of organic molecules while the molecules are

on the surface of a substrate or are constituents of a substrate by bombarding
the substrate surface with a flux of the hyperthermal neutral molecular

20 hydrogen having kinetic energies in a range from about 1 eV to about 100 eV.
The method is also useful for selectively cleaving Si-H bonds of organosilane
and silicone molecules while the molecules are on the surface of a substrate
or are constituents of the substrate or substrate surface.

An embodiment of the invention comprises depositing organic

25 precursor molecules comprising C-H bonds, Si-H bonds, or both, on the
surface of a substrate. In one exemplary deposition process, the molecules
are adsorbed onto the surface of the substrate in a layer. Neutral hydrogen
molecules with hyperthermal kinetic energy are then used to bombard the
precursor molecules. The bombardment breaks some C-H bonds without

30 breaking other bonds. For example, the bombardment can break C-H bonds
of an alkane without breaking any C-C bonds of the alkane. Afterwards the
activated molecules having carbon radicals are cross-linked while on the

substrate to form a dense film of material on the substrate.



and silicone nol ecules while the nolecules are on the surface of a
substrate or are constituents of the substrate or substrate surface. An
enbodi mrenwoabiwdeesosnvent i on conpri ses depositing organi ®CERQTA00299

nol ecul es conprising CGH bonds, Si-H bonds, or both, on the surface of a
substrate. I n one exenplary deposition process, the nol ecul es are adsorbed

onto the surface Ahothee embufirhahtof thednvention.is Nirattedltoaymhetigeh nol ecul es
wi th hyperthermal kinetic energy are then used to bonbard tgz_kgre u_rﬁor
mol ecul es. TERMPEHBAT EERevigingk suksirate with 3 sudace\remBUsingreak PR S REr

bonds. For e : t - icld8 viikine

W t hout br eaé?ﬁghgdﬂ?/é g‘?e CQ%@QW t?}ééﬂlrzgl Egﬁgéeﬁféﬂg}ré\?\g@éﬁlﬁe actli vat ed

mol ecul es hakavgkinetibenergiels ofiless dhan 50 @ds {¢)i seteativety breakimgt Gd babds taate to
forma dense filmof material on tZE iubs

_ _ t.rat e. Anot her eqﬁodi Brent Ofr}ﬁ he
i nvent Pon i sfaIM &Peq regcal $tieshand Roﬁ'tH@:aFH_ stgPes £hithg Sy §ti5%t§te_} e
Wi th a surfagf gg ﬂ'n%'é‘tl%ﬁ%ﬂée%ﬁﬁ'?éuﬁﬁatg(?ﬁ%9§'tﬁg r&AQiohdReitH fee Wi th

neutral hydrogen projectile particles I ch ha I netic energies of |ess
t han 50 eV; ¢arbomahdichl sitkdsy breaki ng C-H bonds to form carbon radical

sites; and (d) deposjting . a subs e.on the substrate and. anchoring the
substance to the gue%&ﬁ@@msuéﬁ%ﬁénﬁﬁmWf\'ﬂeﬂf’e‘%ﬂ%ﬂwr bon ragi cal
sites. Anot th)gr 3 éTBPéili&Sné?%ch%b@fﬂﬁéleeuleg%Bmp?@,ﬁw_gispﬂsddddggm the

or ganosi | ane I cone precursor nol ecules conprising Si-H bonds on the
surfadé of assdids oba substratendn erergxemplanyatapositioorprpeesse dlse malecutes ecul es

dsorbed_ont g t f the substrate. \Neutral hyd lecul
W th hypert neradsqPRRono Bircdincard (R arseas: NP ReenatiRallicor
mol ecul es. Tﬂ/ﬁhmﬁhgﬁﬁﬂtkir@étﬁﬁ‘&%r@?% flerrLe@sbehbard thei greeursobr eaki ng

ot her types of cular bonds. For” exanple, the bonbardnent can break Si-H
bonds of an owigcuas.l Bihe baimbasdmebt breaka gome/SisH-tondsior€-6t with@ithonds of

e O 0SB el et BOhE IR ST R YIBheBaR
filmqk mat epieik SiHHRACS WP ah GEEnosiRAeMitRRINbrédkifhhp $iH0, Siicles Cacnet hod
for selectively breaking any oné or conbination CGH and Si-H nol ecul ar
bonds i n nol bondsef e aganesikane. Afterwards the activated molecules having silicon
or carbon radicals are cross-linked while on the substrate to form a dense film
of material on the substrate.
The present invention provides a method for selectively breaking any
20 one or combination C-H and Si-H molecular bonds in molecules at oron a
surface of a substrate, comprising the steps of:
producing, and directing a flux of hyperthermal neutral molecular
hydrogen having kinetic energies in a range from about 1 eV to about 100 eV
to the substrate surface such that upon impact of hyperthermal neutral
25 molecular hydrogen on molecules at or on the surface containing any one or
combination of C-H bonds and Si-H bonds the C-H bonds and Si-H bonds are
selectively ruptured.
These and other embodiments of the invention are described in further
detail below. The description of the specific embodiments is for purposes of
30 illustration and is not intended to limit the invention.
The potential number of applications for embodiments of the invention

is unlimited. Further features of the invention will be described or will become

apparent in the course of the following detailed description.



surface of a substrate, conprising the steps of: producing, and directing a
flux of hyperthernmal neutral nolecul ar hydrogen having kinetic energies in
a range fwormaboedsl eV to about 100 eV to the substrat ecsuraReammos9eh t hat
upon i npact of hyperthermal neutral nol ecul ar hydrogen on nol ecul es at or
on the surface containing any one or conbination of CH bonds and Si-H

bonds the C-H bonds and SmEquESQmPQ'lQNI@EmHEaDRAmeSed These and
ot her enbodi mrents of the invention are descri bed |n furtgr det bel ow.

The descri pt i on of heirvesntiepiwill cowmr desaiines Bswayof syame Q”Mfw I ustration
and i s not RathSFé%%g tb hé bg%émg%q}{l @Iﬂ?ﬁnn g. The potential nunmber of

appl i cations enbo I nve t| on is unlimted. Further

features of the IFigurbsm(aw1l(b)b|®dd(ir§)(areldﬂﬂbrammmtid reipeesedatigpsaswingn t he
course of the foll ow nP detail ed desggél%)t [ % BRI EF SCRI ETI ON,.OF THE

DRAW NES Thecpmpitatiopal simulatipng ¢fedre Htﬁlew Y 58BN & Bniy, with
reference toy, 20590 c%YMr'I%r ér%&ftﬁ%s’t n rg%@})—le%ﬁ‘&eé&lfé) are

di agrammati c &epresen atrons s OWI ng “conput ati ona |'at rons of
preferential C H Figqaeat{a) byows hiolscudar dvnaanlbypénfsewhlnearrlnmgtwm iteol ecul ar

nealen o mlesile axer ﬁ@%“ﬁaaﬂ?q e GEirsLhosd &5 LA ahd Gt BRtRE ¢ e
Cl-H3 bond ojy3 CZr’f gﬂhéI%ﬁ@Echgf %'&%ﬁn?ﬂ%ﬁolééﬁ&i by BIBesid HB)V' ews of

H4 and H7 are b ent o- second per step: After
col |'i dioon, thﬂhlﬂ?fenﬁossm:bhdrp@d stept: I;I\f@rlcothsmrt ﬂ'td)HIzllS seaitered Withea loss@fer gy

55% t d t I d I
cnor dy. The 2Dl Y IRBRUS oBe SR enelEy diasRy) ard ey saRy g i
average intepakt tjfp afY rgtfat.éﬁéa  erfdh yb¢ﬁe§ﬂ llyaﬁwsl ¥n @6t lﬁéﬂidﬂe yoosel y

bounded and osci ting between C I gure 1(b) | ecul ar dynam cs
of 16eV H2 aof abduigteM and Ianamga:miternakersergmqﬁéw, eudzhecomeISHGgmy H3 bond

O B8 a0 il Wi P oR B a2 AR PSRRI B oSt [ ond W
st b taeIEIby“"st“bI‘M“;?ﬁJ'?ﬂdW‘;??’ﬁlfgé"a”r? e s

axis perpendicular to the C1-H3 bond of C,Hg and H9 of H; hitting H3 of C2He
(the respective views of H4 and H7 are blocked by H5 and H8) with 5 femto-
second per step: After collision, the H, is scattered with a loss of about 9eV in
kinetic energy (55% energy transfer) and a very small gain in vibrational and

20 rotational energy. The H3 is pushed from C1 to C2 and this causes the
cleavage of the H6 — C2 bond. The H6 is leaving with a very small kinetic
energy. The C,Hs has a small average kinetic energy, and a high internal
energy of 7eV due to the bond cleavage and vibrational/rotational excitation.

Figure 1(c) Molecular dynamics of 80eV H, arriving with its molecule

25 axis perpendicular to the C1-C2 bond of C,Hg and H9 of H; hitting C2 of CoHs
(the respective views of H4 and H7 are blocked by H5 and H8) with 5 femto-
second per step: After collision, the H; is scattered with a loss of about 7eV in
kinetic energy (9% energy transfer) and a very small gain in vibrational and
rotational energy. The C,Hg suffers no bond cleavage, with about 2eV gain in

30 kinetic energy and some gain in rotational/vibrational energy.

Figure 2 shows a schematic of an exemplary, non-limiting reactor

system for the generation of hyperthermal hydrogen projectiles for preferential
C-H cleavage and C-C cross-linkage: (1) generation of an ECR hydrogen

plasma; (2) extraction and acceleration of protons; (3) cascade collisions
10



rotational energy. The H3 is pushed fromC 1 to C2 and this causes the

cl eavage of the H6 - C2 bond. The H6 is leaving with a very small kinetic
energy. TWe02k6B9dvas a smal | average kinetic energy, ana&ca/dnzgiv/aootoer nal
energy of 7eV due to the bond cl eavage and vi brational /rotational
excitation. Figure 1(c) Ml ecular dynamcs of 8CeV H2 arriving with its
ol ecul e axi witRredopdhe ehergetio [Irdmm§1n € Oufit chafmbER EBntaimingienalécuHar hi tt i ng
C2 of C2H6 (the respective views d H7 are bl

with 5 fentoh¥¥eefa @enygeebermlﬂe?'eee'er Pwr@@entwnm he g%géeggqrganw th a
I oss of abou}noTéc\é|¢§oK Jﬁ?&éﬁpﬁé’&é?éﬁ t %%é?@é%lﬁoh&é%ﬁ&%)for%‘@: & orgsy. smal |

gain in vibration I onal’ energy. sutffers no bond
cl eavage, hmkeabrblmhowdegmahlelbondlcieavag&snergy and sone gain in

t I/ b I . Fi 2 ' f I ,
non-1 18111 ng. r eacFBTEIETHGs e CoRRsRELTS RrsETh Tahod af Hef SRy ghen
proj ectil es hh gm%nwghhermgmw}a@ms&@my&o LR thetkaser s¢dtbm

generation o rogen plasma; (2) extraciion and accel erati on of
pr ot ons; (3)0b5&pﬂdé.colI|S|on3|n|t|ated by the energetic protons in the
drift chanmber containing nol ecul ar hydrogen; (4) hyperthermal nol ecul ar
hydrogen hitting the adsorbed organic nol ecul es on the sanple stage to

break C-H bonds and to form G QETARSEDIDESCRIPTION undesirabl e bond
cl eavages. Figure 3 illustrates the concept of the present nethod of

gener d0i ng a hi ghGenerallyfspeaking, the systemedesaribed hetain are difeetedda ausi ng t he

Gyotens deschiaiae fuderiel tiFrdbaCaH SU0Rsr HaPras oty Bhr SR ok ng
C-H and/or SpnH {MAdAsTEqiIPEE BHISSiREReS @ﬂﬁe%e@er&qwé’ntloﬁsare&ﬂs’dlé%ﬂ

enbodi nents of the present i nvention are disclosed herein. However, the
di scl osed enbemurmwwemrethaedleclgasedenwcmiiryen'@rammerﬁlwexemmrwrﬁm it ood

that the invent may, be, e d|n forns.
The f1gures. SheuRe Tt Sopl BAAS btER L be Ao alee B BED eukts,

m ni mized t oaRHANeHRItEfSmas. TR figurds afe AbEESYate Bhd Iseniccicat@ds ehgyeat s may
have been elimnated to prevent obscuring novel aspects. Therefore,

speci fi c stresaggerateshor mmmaedrtalsf@m @@tﬁﬁs af partisulad elrsnents while fefated o
elements may have been eliminated to prevent obscuring novel aspects.

Therefore, specific structural and functional details disclosed herein are not to
be interpreted as limiting but merely as a basis for the claims and as a

20 representative basis for teaching one skilled in the art to variously employ the
present invention. For purposes of teaching and not limitation, the illustrated
embodiments are directed to a method for selectively breaking C-H and/or Si-
H bonds of molecules adsorbed on a solid.

As used herein, the term “about”, when used in conjunction with ranges

25 of dimensions, temperatures or other physical properties or characteristics is
meant to cover slight variations that may exist in the upper and lower limits of
the ranges of dimensions so as to not exclude embodiments where on
average most of the dimensions are satisfied but where statistically
dimensions may exist outside this region.

30 Molecules containing C-H or Si-H bonds are abundant. Most organic
molecules contain C-H bonds, most organosilane molecules have C-H and Si-
H bonds, and most silicone molecules have Si-H bonds. When C-H or Si-H
bonds are cleaved, carbon or silicon radicals are formed. These radicals are

reactive and can form cross-linking bonds by recombination or insertion. If the
11



be interpreted as |imting but nerely as a basis for the clains and as a
representative basis for teaching one skilled in the art to variously

enpl oy t hwopoesmedosi nventi on. For purposes of teachi ng aou/aaxabioltoeadpati on,
the illustrated enbodinments are directed to a nethod for selectively
breaking C-H and/or Si- H bonds of nol ecul es adsorbed on a solid. As used

herein, the aetivatédhriécule hem thissutface cfensolitsulmsirate tihcamogess-lofk with
di mensi ons, tenperatures or_ other physical properties or c@araoterlstlcs S

meant to coveinesmqlegulospndhe sald suBstratg Andlgraan t?ilngﬁ%ﬂ?ﬁpﬁ S8 | ower
limts of thg, é@@?ﬁﬁ%ﬁ?mﬂh%ﬂ% PEctON e, 3‘%@2‘%’ r?ﬁ%&ﬁ@f PBRRAIEH S Where

on average nps e di nensions are satl ere statistically
di mensi ons nthysebd formedtcsi the sumierataagﬁtmros@helcngeAIsoorﬁttla& hydrpgenH or Si - H
bonds are abundant. IE?S .organi c nol ecul es, co

or ganosi | anediAFIEaA E‘E'-HLP reddran a 'POI@&HE%?"“%HaCWG dﬁh%‘&?\'gcu'e
mol ecul es hagﬁ? §h¥'§g€?|'ﬁe%hgw féndhon llt%ﬁ'b'h Wgécléfﬁecéaﬁ\aﬁfégres‘é@ﬁé@n or

silicon radi or me ese ralcas are reactive and can form
cross- | i nki nEntbmditeeblp ofdbe irbientivh candheliefrerproduce aflayarenitt awtatdel nol ecul e

i th f f d substrate K with oth
ol ocul s onmolRAkel neiwelbhevis dvaladBs vith sHRRiE: Pisdate 0B et h ougn

the formed aﬁIric’t’gnélﬁ%%t'on site. A stable network of nolecules can thus be
formed on the substrate after cross-linking. Also, if the hydrogen atons
are sdbDectivel y rAptshowau ifitbenBackgregnd sectidra the okassndepsndené natiiredul e and

any specific, chem cal functio alltles th ckpone ¢ reserved.
Enbodi ment's §PCMAICENRERY ﬁﬁﬂngéth‘We'Pé F‘:énegrogg“ e BINGTY g’@ﬁ?th T stable
mol ecul ar “%é‘@érlbuﬁ@tﬁé‘&olf@%ﬁ%ﬂi\w hmd $pr8s chih be RS SpIAIAhycaeni cal
functionalities. shown 1 n the Background section, the rmass-dependent

nature in ki hyzdmgen pmjectyge aandrarisfer mhre:hf itsskinatic eaekgy tofa hydropen atgm
collision the descri bing,the collision of, two heres, c e used
S explain wibA Teraeh ol iR Etng et Setne Bt oSS Ietic; e .

energysto a H%%Qﬂﬁiénabﬁﬂhé’thr@céﬁﬂ%ﬁfbé"@kﬁl@ﬂé@f&ﬁtﬁé o@sﬁﬁf@m ﬂidé@s%rthe

sane target nol ecule. The nass- degen ent nature can then be exploited for
t he design obr%kmg)GdsibOﬂds witheak f&?k(Dg-Ctﬁ)nthhﬂrtﬂ@@dS anethusigr orassor

ot her bonds, hus .for cross
||r?k|ng organic precursor molréculré% into a functional-specific molecular film

with the retention of the chemical nature of the precursor molecules. Since
atoms and molecules are not hard spheres and the collisions of real atoms
20 and molecules cannot be described accurately by the binary collision theory,
the inventors and their research collaborator (Professor Xiaoli Fan) have
resorted to ab initio molecular dynamics computations to track exactly how a
neutral molecular hydrogen projectile can use its hyperthermal kinetic energy
to break a C-H bond without breaking a C-C bond in its collision with a simple
25 alkane molecule such as CyHg.
The results are summarized in Figure 1(a) to Figure 1(c). In Figure
1(a), a neutral H; projectile with a kinetic energy of 15 eV is hitting a CoHe
target, with the H, molecular axis perpendicular to the H3 — C1 axis of C;Heg
and with H9 of H; hitting H3. Since H, and C,Hg are both stable molecules,
30 there is virtually no attractive chemical force between them when they
encounter. Instead they enter into a repulsive regime in which potential
energy rises at the expense of kinetic energy.
After exhausting its kinetic energy, H, rebounds from the highly excited

C,Hs. The scattered H, retains about 7 eV in kinetic energy, much higher
12



organi c precursor nmolecules into a functional-specific nolecular filmwth
the retention of the chemcal nature of the precursor nol ecules. Since

at ons andwoubmowb@s are not hard spheres and the col |l i sipomacAzbiovoeeds9 at ons
and nol ecul es cannot be described accurately by the binary collision
theory, the inventors and their research coll aborator (Professor X aol

Fan) have regfir e rbSidaBl kinktic ensmyderHa hittkyg arfreesHeomu Tals isneasandblack
exactly how a neutral nol ecul ar hydrogen projectile can _use |

t
hyper t her mal bReakas @eéﬂ%hawttbeﬁzdme&ti@lﬂh@@ﬁ&d\xﬁ)@bgft%#reallwitﬁs a C C bond

inits colligj ] .Sl . | esults
are sunmmar i zé%%ﬁ%@ﬁ%éﬁﬁ%&@’tﬁ@??g% T?E’VWFE%SS%%F% a-rlzzib‘f‘er%{gIﬁet'sraI H2
proj ectil e whith agakjetelithcareeffediveahadSobabowt 10 bédaupeaa Ratdosphargef, with
the H2 nol ecul ar axis perpendicular to the H3 - Cl axis, of CZH? and with H9
of H2 Hittin§ass.2 bithnga Rardsehereids mass Horesulisdp KemAticenergy teRsial | s
virtually no akkdact I ve chem cal force between them when they encounter.
Instead they enter into a repulsive reginme in which potential energy rises
at the expense of Thenesilts iarRiggye 16)taze dexikad fiormthe leadingredgecqeardugy, H2
rebounds fromthe highly excited C2H6. _The_s_caith red H2 retains abRut 7 eV
in kinetic eRBeRstyRAIGHIATIIVhISH DY ECiPRUEIGINSIONES RLCh MRIEAGHraig thap

hitting a fr AL S A ST ot 2
broj ecti e | TBnABARIAEh fnddelr TAEG Rt SREPUEE 11dBsSTH RinbtC bR, i on
nodel ,100ne npgrtidioasdeo bhambihatidiopiranstatioriad, rotatonal,taandgebrational emergy.

effective nass of abo 10 because, a hard sphere, of .pgss 2 hitti a_.hard
sphere of mggﬂmlqrg’sﬂétb@cpﬂ‘%i Yrﬁlqséﬁ/ NdQ8G 'rlgfb%%’%en'lqﬂ‘gapgsults

in Figure 1( %%egﬁf m¥GEs {4 2 HeSs k&%@ﬁ@&nﬁﬂ%ﬁawﬂbmzwtﬁb% -

cal cul ati ons ich give scientific insights nmu nore accurate than the
bi nary col | i §i2amwnbidedbouT tebredkednlifgcts thebardhbreake Whessthierorigimadtanergyner gy

Vi brati onal - EhUIEgSUEaLHa Waleat e SraisBacara oo 158Yapy Hscrired caigion
oscillating E@F\Hﬁ@ﬁs.c 1 iamd C2. Wen it noves to C2, H6 is forced to nove
away from C2 and the H6 C2 bond is about to break. In fact, the bond
br eaks when t he oifhgimalecelaedgyamicstresulteforitiad 162\pcaljisioniare summarizssd fr om
15 evito 16 ?nVF{gOJretng).s%rrt')aotﬁoclalsieg isﬁgwn in Figures 1(a) and (b), the scattered H,
loses about 55% of its kinetic energy. In comparison, when the H; projectile
hits the C2 atom of C,Hg with the molecular axis of H, perpendicular to the C-
20 C bond axis, the C,Hg target remains intact even for a projectile kinetic energy
of 80 eV and the scattered H; loses only about 9% of its kinetic energy.
Similar computational results have also been collected for different collision
trajectories and conditions to confirm the collision-induced preferential C-H
cleavage. As expected, when the molecular axis of the H; is along the C-H
25 bond axis of the target molecule, the fraction of kinetic energy partitioning to
vibrational excitation of the scattered H, is higher than those of other collision
trajectories. At an initial projectile kinetic energy of about 35 eV, the scattered
H. is excited close to the vibrational bond-dissociation. When the scattered
H, dissociates, the hyperthermal hydrogen atoms thus generated can conduct
30 collision-assisted hydrogen abstraction. This will further increase the
probability of C-H bond cleavage. In conclusion, the ab initio molecular
dynamics computations provide an accurate scientific description of the
physics and chemistry how neutral molecular hydrogen can use its

hyperthermal kinetic energy to break C-H bond without breaking C-C bond.
13



conditions. The nol ecul ar dynam cs results for the 16 eV collision are
summari zed in Figure 1(b). In both cases shown in Figures 1(a) and (b), the
scatt er edwbl2oloowe®sabout 55% of its kinetic energy. |n eocmmgazisme)2hen the
H2 projectile hits the C2 atomof C2H6 with the nol ecul ar axis of H2
perpendi cular to the CC bond axis, the C2H6 target renmins intact even for

a projectile ki nerﬁth@ﬁﬁdQS‘tr@fe)&ﬁonﬁﬁo&ﬁﬁf thé ereferdritiat €cHHidnidodeavage y about
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maintained in the pressure range of about 1x10 to 5x10°° Torr.
If the hydrogen pressure of the drift zone 14 is adjusted to 1x10° Torr,
20 the mean free path of hydrogen collision in gas phase at room temperature is
about 9 cm. The average kinetic energy of all molecular hydrogen 30 in the
drift zone 14 prior to the entrance of any accelerated protons 12 is only about
0.04eV because they are at thermal equilibrium at room temperature. These
hydrogen molecules 30 are often referred as thermal molecular hydrogen.
25 Statistically when a proton 12 enters into the drift zone and travels one mean
free path, there is a 63% chance that it will collide with a hydrogen molecule
30 in the gas phase. Its kinetic energy will be shared with the thermal
hydrogen molecule 30 to form a hyperthermal neutral molecular hydrogen
projectile 32 and the energy transfer depends on the impact parameter (how
30 close they collide). These two scattered projectiles 12 and 32 will have a
kinetic energy much higher than the other thermal hydrogen molecules 30 in
the gas phase. When each of these two scattered projectiles 12 and 32
travels another mean free path, there is a 63% chance that it will collide with

another hydrogen molecule 30 and may transfer a certain amount of kinetic
14



the plasma and the drift zone 14. Such grid electrodes are also used to
reduce gas flow fromthe plasma chanber and the chanber housing the draft
zone (driw0D0temb@®8) so that a proper gas pressure in treTplAasmowochanber
can be mai ntai ned when the gas pressure in the drift chanber is adjusted by
punpi ng or gas-feeding. For exanple, an ECR hydrogen plasma can be

mai nt ai ned i BnéRYy tBtRS Sollidingdiutthe?fto fdrevinokd hyPerthémna nburaBmbdesculad f t he
hydrogen pressurée of the drift zone 14 is adjusted to 1x10 3 Torr, the nean
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number of protons 12. For example, if the pressure of hydrogen 30 in the drift
zone is adjusted such that the mean free path is 5 cm and the sample is

20 placed at 50 cm away from the proton entrance, the number of hyperthermal
molecular hydrogen 32 reaching the sample can be about orders of
magnitude higher than that of protons 12.

If each proton 12 is accelerated to 320 eV prior to its entrance to the

drift zone 14 and if the drift zone condition is set to generate on the average

25 32 hyperthermal molecular hydrogen molecules 32 per proton entering into
the drift zone, the average kinetic energy of the hyperthermal molecular
hydrogen projectiles 32 at the exit of the drift zone will be about 10 eV.
Hence, by adjusting the proton extraction conditions and the drift zone
collision conditions, one can generate a high flux of hyperthermal neutral

30 molecular hydrogen projectiles 32 which, when they impact on the surface of
the substrate 34 which is mounted on a substrate holder 36 at the exit of the
drift zone, can induce C-H cleavage without breaking other bonds

undesirably. The concept in this method of generating a high flux of
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control the nunber of hyperthermal nolecul ar hydrogen nol ecul es 32 reaching
the sanple. The schenmatic diagramof collisions in Figure 2 is drawn to

i 11 ustratwotzhm/geder ati on of hyperthermal nol ecul ar hydPogam2e/dog29p he

ki nematic energy transfer from accel erated proton 12 to thernal nol ecul ar
hydrogen 30. In practice, the nunber of hydrogen nol ecules 30 is nuch

hi gher than hiasertaraen nelitrayimelddaRirmdrageresroicutildy32 dgected2o therd t he
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zone is adjusted f | eis
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mount €@ on ahgdfogengirejettiled32 Whichtdepeads nttheimedrefrde ipath, zarieh depandsiduce
C-H cl eavage wi t hout breaking ot her bonds undesirably. The concept in this
met hod of geRBRAEPICa hi gh flux of hyperthermal neutral nol ecul ar hydrogen

projectiles 32 di 'ir?ﬁwteeﬁo&&tt&?:-ﬁfélg%&é;’%eﬁosaﬁ\f@éﬁ:ig?oé's'-lldmd,%%lﬁarbt%h.gure

3. Broadly, the hyperthermal neutr ecul ar hydrogen projectiles 32 may
have ki neti c(&AZ2P9982,11(0-Be02)tegeh apon ddpusitioh ef\gasomalerutes] 8Qckeds and
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mol ecul ar form a thin film of silicon, germanium or metal. Although the method of
Hiraoka et al. can be varied to using hydrogen radicals for rupturing hydrogen
atoms from adsorbed molecules and for breaking C-H of the organic
20 components of the organic metal compounds, such a variation is no different
from the common method of hydrogen abstraction using atomic hydrogen. In
addition, Hiraoka et al. do not teach how the kinetic energy of hydrogen
radicals changes the nature of thin film formation, and how the kinetic energy
of hydrogen radicals can be adjusted in the range of 1-100 eV accurately and
25 precisely. The method also does not teach the generation of hyperthermal
neutral Hy, the control of the kinetic energy of the neutral H,, and the
amplification of the flux of hyperthermal neutral H,, and the exploitation of
these hyperthermal neutral H, to bombardment precursor molecules on a
substrate to break C-H bonds without breaking other bonds. Hence, the
30 present invention is fundamentally different from the method of Hiraoka et al.
In the context of breaking C-H bond of a plastic surface, Kato et al.
teach to use hydrogen plasma pretreatment of a plastic surface to increase
adhesion of a dielectric overlayer such as SiO,. Similarly Schultz Yamasaki et

al. (6,156,394, 12-2000) also teach pretreatment of polymeric optical
16



hydrogen projectiles 32 which depends on the nean free path, which depends
on pressure. In the context of CH cleavage to drive C C cross-1inking,

Hi r aoka ewo0ab10/006q0472. 299 B2, 10-2002) teach vapor depo®CTiaa0wmioogs

nol ecul es, such as sil anes, germanes, and organic metal conpounds, by using
hydrogen radicals (atom c hydrogen) froma plasm to deconpose these gas

nol ecul es angulydtedtds asingi dirdct (R remdtéeinicrowasé ot Retydrogére plersmaes (@ur pose  of
Hiraoka et al. is to forma thin filmof silicon, germani um or net al .
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of a plastic surface in this energy range can lead to preferential C-H cleavage
and generation of carbon radicals. In the presence of electrons in the plasma,
a positive potential on the plastic surface higher than the plasma potential
20 cannot be established. Hence, proton bombardment of the electrically
insulating plastic surface can be maintained.

However, the bombardment energy is always smaller than the plasma
potential and the control of this bombardment energy is difficult and
inconvenient. Hence, although the method of Kato et al. and the method of

25 Schultz Yamasaki et al. can be varied to break C-H bonds preferentially with
proton bombardment, the variation is not as practical as the method taught by
Lau and coworkers. Although the method of Kato et al. and the method of
Schultz Yamasaki et al. can be varied to break C-H bonds with hydrogen
abstraction by the atomic hydrogen in the hydrogen plasma, the variation is

30 no different from the common method of hydrogen abstraction by atomic
hydrogen. These two methods also do not teach the generation of
hyperthermal neutral H,, the control of the kinetic energy of the neutral Hp,
and the amplification of the flux of hyperthermal neutral Hy, and the

exploitation of these hyperthermal neutral H, to bombardment precursor
17



Al t hough both Kato et al. and Schultz Yamasaki et al. do not teach the
exact nechani sm of adhesi on, one of ordinary skill in the art may

under st amsiotznarodpeat r al nol ecul ar hydrogen do not react pairtdazaiomoessi c
surface. But atom c hydrogen can break C H bonds by hydrogen abstraction.
In addition, ions and el ectrons can also react with the substrate surface.
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coating will also induce bond dissociation and create carbon radicals.

The recombination of some of these carbon radicals will further

20 increase the degree of cross-linking of the resultant hydrocarbon coating and
increase its mechanical strength. Since both the science of the method of
Grobe, |11 et al. and the invention objective of Grobe, Ill et al., are the
activation of the hydrocarbon molecules in the plasma to form a hydrocarbon
coating, the method does not teach the selective C-H bond dissociation

25 without other bond dissociation. The method also does not teach the
generation of hyperthermal neutral H,, the control of the kinetic energy of the
neutral H,, and the amplification of the flux of hyperthermal neutral Hz, and the
exploitation of these hyperthermal neutral H, to bombard precursor molecules
on a substrate to break C-H bonds without breaking other bonds. Hence, the

30 present invention is fundamentally different from the method of Grobe, Ill et al.

In the context of forming specific chemical functionality on a polymer

surface, the present invention is significantly better than the pulsed plasma
polymerization method because the precursor molecules are fed directly to

the plasma in the pulsed plasma polymerization method so their
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teach a hydrocarbon plasma coating nethod in which hydrocarbon nol ecul es
are fed into a plasma for breaking up and activating the nol ecul es so that
t hey can woasayddéR t hensel ves onto a substrate surfacePChidA?01¢i002% obe,
1l et al, do not explain the basic physics and chem stry, one of ordinary
skill in the art may understand that sonme hydrocarbon nolecules in a

typi cal pl asgace®pdsitibariueiag the puibe-gredyclexsinevilablendrribdrichret tah Haved
di ssoci ation. The bond dissociation_is not confined to CH cleavage but
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the plasma in The pul sed plasna polynerization nethod so theitdeconposition

during the pto sedesirabjebeeaksothaebonehl e. Friedrich et al. have shown a
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few nanometers can be produced. The film is synthesized by depositing a
controlled amount of hydrogen containing precursor molecules comprising
20 unsaturated bonds on a solid surface of a substrate. The deposit is
bombarded with hydrogen projectile particles comprising hyperthermal neutral
molecular hydrogen. The hydrogen projectile particles have energies high
enough to break C-H and Si-H bonds, but not high enough to break other
bonds. After bombardment, dangling bonds are formed. A dangling bond
25 can move in the film from one atom site to another by the abstraction of one pi
electron of an adjacent unsaturated bond. The original dangling bond is
amended by the formation of either a new pi bond or a new sigma bond. A
new dangling bond is formed at the site of the original unsaturated bond. If
the original dangling bond is amended by the formation of a new sigma bond,
30 cross-linking and movement of dangling bond are accomplished in the same
process. The movement of dangling bonds allows the cross-linking to occur
at locations far away from the sites that directly bombarded by hydrogen
particle. Polymer films with thicknesses larger than the penetration depth of

the hydrogen particles can be prepared.
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i nvention, the maximumretention is >99% O her specific enbodi nents of the
I nvention are described in further detail below According to one specific
enbodi menwQ 2a1tdepeesf i | m a few nanoneters thick can be protueoio/odmofilmis
synt hesi zed by depositing a controll ed amount of organic precursor

nmol ecul es having CH bonds or silicone nolecules having Si-H bonds on a

solid surface of Acesrird & fnoth8r éMbsdmias! & ihydRERASHOATRIAG a fewe precur sor
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to another egbemicafunctignal greups on a seliksiwtace. dndeis ambedigadwihBanonet er s

o "hyar bgen BontosP e sPulshy BT ceibe bul AR © & RSB IR 0
a solid surf e thé cheftids fumdtonal @ upeRPsa tait®nbechddar Thd hydtdgenyatoosen

projectile particles conprising hyperthermal neutral nplecul ar hydrogen.
The hydr ogeninpthe '@@leicul@spﬁiﬁtr%\gt@@g Eravetf@rmp@ice?smxgbp@haww therpmathy " H

and Si-H bon ' -

bonbar dnent , ﬂggﬁ%}éh{%}%?gﬂ%g&arﬁégggp H{é’g'.smﬂq@?ﬁ%ﬁ@aﬁﬁﬁ'%@arﬁ%}%'g "in t he

fil m fipom on@yatogensiThe partislkestHawe dnergibs tiadtsdre atgh enoudh tbreak el ectron of
an adj acent unsaturated bond. The original dangling bond is atzr}endeF by the

f or ][rat i 03 of hydiagen kongsvin the msiecues. Pub thatarg et bighenoughde RIgak o bond
! . e b _ PR
danal i ng. bondoaldeihondballeditn Higbeh Hatls Ay ol Hidrsber

cross-|inki ngt@ns! tﬁé\rﬂcﬁl@tﬁmlegﬂosiﬂglgz&im@ehmdmsrafem@smﬁrik'edimw an the sane

process. The nmpvenent of dangling onds all ows the cross-linking to occur
at | ocati ons hydiocaiRan filrbwith flze &jnciignalgroups jseRiodyic8dnbar ded by hydr ogen

o o soen POt I OSSR R ARl AT reRlLon, dont T
a hydr ocar bonahbmetersftieiok is produced. The film has many chemical functional groups
of a specific combination. The hydrocarbon film is synthesized by depositing
a controlled amount of organic precursor molecules on a solid surface. Each
precursor molecule has a specific combination of chemical functional groups.
20 C-H bonds are cleaved preferentially by bombarding the precursor molecules
with hydrogen projectile particles comprising hyperthermal neutral molecular
hydrogen. The particles have energies high enough to break C-H bonds, but
the energies are not high enough to break other bonds. After C-H bond
cleavage, the activated molecules with carbon radicals are cross-linked and
25 the hydrocarbon film with the combination of chemical functional groups in the
precursor molecules is produced.

According to another embodiment, a film that is a few nanometers thick
and that adheres tightly to a substrate can be produced. The film is
synthesized by depositing a controlled amount of hydrogen containing

30 precursor molecules such as organic molecules, silicone molecules or silane
molecules on a solid surface of a substrate. The substrate surface may or
may not have hydrogen atoms. After depositing the precursor molecules, the
molecules are bombarded with hydrogen projectile particles comprising

hyperthermal neutral molecular hydrogen. The projectile particles have
20



nanoneters thick is produced. This |ayer can have many chem cal functional
groups of the sanme kind. The hydrocarbon filmis synthesized by depositing
a cont rolweaoswmeds of hydrocarbon precursor nol ecul es wcTicAzhmw/®eave ki nd
of chem cal functional groups on a solid surface. In this enbodinent, the
hydr ocar bon precursor nolecule can be, but is not limted to a sinple

al kane w th eRergideRighadndughad ibpeak CaH @uSi-Hboads, dubane abthigh éiotighytdr ogen
atons in the nolecules are ruptured fromthe nolecules b bonbardl n%st hem
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break hydrogen bo ecu are not ough to
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hydr ogen atons, the nol ecul es | osi ng hydrogen ia%)ggg are cross-linked and a

hydrocdrbon fi | m RicEarding:ta anptbebampogintnisaseli BiERls. m%leawo@ 399 o yet
anot her embod) gEol c%ﬁm%lﬂcapqg% BBAGE Wheké M %"ém?’&ba Séﬁ\r/lé nynCllfyncjtl)ﬁ%Qﬁ oduced.

The film has nmany c¢ uncti onal groups o peC| IC CO ation. The
hydr ocar bon hbrsuirhceyslbbemlazcmﬁ by hyémgentprogctilequarticles lcothpaisingnt  of

organi c precursor cules, on a solid surface. ch precursor | ecul e has
a gpem i Pc c MBEMRR' m?ﬁ neptra zelecy arfrler‘i’E‘?gu%ha‘fh%?Eﬁ?}?tgca?-lﬂb@}%@ﬁ% e gl eaved
preferential byhdugiheriarsh B'V{ﬁlﬁgﬁyper 2Pbr pﬁéﬁ%&ﬁc .hsmyﬁwgpgen

projectile parti cI es conpris her mal neutr al | ecu hydr ogen.
The pdoti cl emdienaiseﬁ'@eguwld\emgmcufghe partiolessareChigh leondgh th breakhthe

' hi h t h Af t H.b I ,
the acti vat ob ok 801 aie genstp notrk@aﬁéibygﬁrt%%& ofer hRBiSatiet e
hydr ocar bon ki & \@nb éé‘%fgfuégﬂgy rélectil PaHicis iU Beech bRt 1. L he

precur sor ecu IS pro |ng 0 anot he odinent, a film
that is a fewnddrﬁ)@mil’ q:rrefe:rablqlbwwelem Iabouta:BilaedéiQ eV .ghetive reactiorssibes r at e can
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oot CurfAARRE RIS aa. a@g*éh%%@fféﬁﬁgrgﬁnfa'wz%fv@zﬁsosr [Fng e
precur sor nokpecifiedpse loéadsorbates. The adsorbates can be deposited by
spin-coating, jet-printing, screen-printing, evaporation, or other common
deposition methods prior to the surface activation, or by jet-printing and
vacuum dosing subsequent to the surface activation. In this embodiment, the
20 fixation of the adsorbates on the surface produces a novel material having a
surface with predetermined properties. In yet other embodiments, a second
solid substrate can be laminated onto the first substrate with the active
reaction sites. The second solid substrate can be bound to the first substrate
through the active reaction sites.
25 It is noted that any one or combination of ruptured C-H bonds and Si-H
bonds can cross-link with themselves or with other chemical moieties at the
surface resulting in a change in surface properties. The surface properties
which can be modified are any one or combination of Young's modulus,
hardness, ionic conductivity, electrical conductivity, surface energy, surface
30 chemistry, friction, permeability, diffusivity, adhesion, wettability, and surface
biochemical properties.
The degree of the change in that can be induced in these surface
properties may be controlled by controlling any one or combination of the

energy and fluence of the hyperthermal neutral molecular hydrogen molecules
21



nol ecul es are bonbarded with hydrogen projectile particles conprising
hypert hermal neutral nol ecul ar hydrogen. The projectile particles
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reaction sites such as carbon radicals or silicon radicals which induce
cross- | i nki npitlirgpsaid dubstrafeesurzg, tahdghé Molkeades beoche saidedubstiatended to t he
substrate. Accaording to another enbodi nent, a solid substrate including a
solid surfac8UEatfri si ng MH bonds where Mis an atom heavier than

hydrogen. The sur PEdait .énhpm% rai%i?é?aéb@/féfm BuBéEI’@%I'e'cFe bidceh&Sinto |

conpri sing hypert erna neutr ecul ar roge e su trate as in

the ot her entredchanber, whitehgperthereml aeptniabmetecurar(blykimgeei motecubs | y

i nsul atii ng rrgt erials. The ki net | c ener %I es of th cI es, ar ébgh enough
e

to bredk thePRMBardiessubsifate surfgesiq P(}eﬁfﬁssm SH“PB” ot her
bonds. The k,{bﬁ?fo‘r“‘sl@Q@%ﬂcﬂeﬁﬁntﬂfthéﬁp@é’él ael n%l@b %E'fbﬁal&-ﬂ StRemicy be

bet ween abou preferably et ween and 50 eV. Active
reaction sitesmpesigon of tmpsuacecarapgiadiy tbemelst)ofethe sﬂbshtme bhe tphie-

sel ective cl eavage, of , MH bonds. , The active reacti sj.tes.then form
cheni cal bonﬁ%eﬁfqdrmgeé’b'@ﬁgpcs %ggqr ITpaging: (—‘égre%gcgqg%\%& can be
deposited byg glﬁ’étl:hté%ﬁbeg jet-printing, screen-printing, evaporation, or
ot her comon deposition nethods prior to the surface activation, or by

jet-prionti ng and iraadditionldsaagss uhs sydace ist bein@ bombarded byceutral i on. 1 n
this enbodi theflxtlo of, the adsorb on the surface es a
novel mater rgyéf}qg@p@olgcgggf@&a\/&w%arppi%laﬁ) ntgg)ep?%cﬂ 5tp§§e Sﬁhs‘ty% " ot her
enbodi ment s, Far 8R&APR S8 hihySatply bAY Bned? bB?n bPg B8 dn@bpcmentfaﬁost
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In another embodiment, a dense hydrocarbon film (e.g., about 5 nm or
less) with a high concentration of carboxylic acid groups and no other

20 chemical functional groups is produced. An alkane with a carboxyl group on
the carbon chain, such as docosanoic acid (CH3(CH2)20COOH) or polyacrylic
acid, is spin coated onto a solid substrate. The adsorbed hydrocarbon
molecules are activated after being bombarded using hydrogen projectile
particles comprising hyperthermal neutral molecular hydrogen in the energy

25 range of about 1 to 100 eV (preferably at about 4-6 eV). C-H bonds are
selectively broken by the hydrogen projectiles. The activated molecules
cross-link and form a 5 nm thick dense hydrocarbon film with a high
concentration of carboxylic acid groups, but without other chemical
functionalities.

30 Additional examples of embodiments of the invention are provided
below. In these examples, hydrogen projectile particles comprising
hyperthermal neutral molecular hydrogen are generated with the technique
shown in Figure 2. Dotriacontane, CH3(CH;)30CH3, was selected to test for

selective C-H bond breaking using hyperthermal neutral molecular hydrogen
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bi ochem cal properties. The degree of the change in that can be induced in
t hese surface properties may be controlled by controlling any one or

conbi nat iwo 20fo/wb@sener gy and fl uence of the hyperther meCTra2broaio02yel ecul ar
hydr ogen nol ecul eshitting said substrate surface, and the nol ecules at or
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activated after bel ng bonbar gen projectile particles
conpri si ng hypetantivants|andesurfade owides uThe praaiirsarenolesulesevenedypigalange of
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conductive su’bstrate, a silicon wafer was grounded properly with a large-area
back ohmic contact. To model an electrically insulating substrate, the silicon
wafer was electrically isolated. Polyethylene and polypropylene sheets were
also used to model polymer substrates.

20 X-ray photoelectron spectroscopy (XPS) was used to measure the
thickness of the precursor molecular layer. The bombardment induced C-H
bond cleavage and the subsequent C-C cross-linking were probed by the
solubility of the bombarded layer in the organic solvent which was used to
dissolve and spin-cast the precursor molecules. If the bombarded layer was

25 not cross-linked, the bombarded layer was completely dissolved. If the
bombarded layer was only cross-linked at a low level, the bombarded layer
was partially removed by the dissolution test. The changes in layer thickness
were accurately measured by XPS. If the bombardment energy was not too
high, no C-C bonds were cleaved and the layer thickness would not change

30 by the bombardment. Hence, measuring the layer thickness with XPS was
also used to determine if C-C bonds were cleaved.

With the proposed selectivity in bond breakage, one expects to
observe cross-linking and the generation of secondary carbons which were

not present in the molecular film prior to ion bombardment. In the literature,
23



functionalities. Additional exanples of enbodinents of the invention are
provi ded below. In these exanples, hydrogen projectile particles conprising
hyper t herwal2ormagbéoal nol ecul ar hydrogen are gener at ed wprCh/arelotoeedni que
shown in Figure 2. Dotriacontane, CH3(CH2) oCH3, was selected to test for
sel ective C-H bond breaking using hyperthermal neutral nol ecul ar

hydr ogenbonmb giglprizent iHveAtor® fad ®at whiletigsevaienog band (VBRXAS ofloes not
desorb in vacuum even w t hout cooli n?@ [t can be coated uniformy by spin
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Devi ce- gr adeghé%rﬂl y pgﬁlsasrﬁeﬁ?'g}%(%% é’\?\gﬁ élr)'s S\/\h/eo(rplfé Légggﬂ?ﬁ‘?? zgg@%g?
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waf er by spin casting. The coating uniformty was c y atom c force
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ol ectrical | y ADALINS BSFRICAN, SHBANJOrPAROR; CrRssNknG:PT e 8PUROF i cal | y

i sol at ed. PO'rﬁ/(ﬂé&Mé§%s%fiﬁgbdpw&wtﬁ@@(ﬁé‘??&bﬁn%%@thﬁ"}t{@é&gﬁl&%sbw'H%je'

pol ymer substrates. X-ray photoel ectron spectros was used to
measur e t he thosskinked mbélechlar filme svasfoundid be wbaut Sayer . The bonbar dnent

i nduced C-H bond ¢l eavage ,and the subsequent C. C cross-|ipki wer.e probed
by the 5ol ubi |1y TUTCIRAIGHE FESP ATyt G155 PReek BIEgR T OFs SV A R PERO v
used t1¢ di ssgd Yg keIl fthhidutoth84slire Ahe WBYRSHGESos$linking drgndar ded
| ayer was not cross-linked, the bonbarded | ayer "'was conpletely dissol ved.
| f the bonbapdealrsaymaplesatesdn goroparing thenktahsity of highwmiaes eecondarylimmbar ded
layer mass fragments from the layer with and without bombardment. This method
was adopted to assess the degree of cross-linking, in complement to the
dissolution test in conjunction with XPS. The AFM technique was also used
20 to measure the changes of Young modulus as a function of bombardment to
gauge the degree of cross-linking.
The present invention will now be illustrated with the following non-
limiting examples which are meant to be exemplary and not to limit the

invention in any way.

25
EXAMPLE 1
An ECR microwave hydrogen plasma was maintained with a low power
input of 200 W and a proton flux of 3 mA over an extraction area of 200 cm?
was extracted with an extraction electrode to accelerate the protons to a
30 kinetic energy of 96 eV into the drift zone 14 in Figure 2. The drift zone was

fed with molecular hydrogen at a pressure of 8x10™ Torr. Substrates coated
with 5 nm of dotriacontane were placed at 50 cm from the proton entrance to
the drift zone. As such, the nominal flux ratio (hyperthermal neutral molecular

hydrogen to proton) was estimated to be over 10 and the average energy of
24



was partially renmoved by the dissolution test. The changes in |ayer

t hi ckness were accurately neasured by XPS. |If the bonbardnment energy was
not too Mwohp10me9@8C bonds were cl eaved and the | ayer trcTkaess/onamdbd not
change by the bonbardnent. Hence, neasuring the |layer thickness with XPS
was al so used to determine if CC bonds were cleaved. Wth the proposed
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i nvention in any WAgse comparative experiments confirmed that screening these ions
and electrons did not change the cross-linking results. Therefore, even if
these ions and electrons may induce molecular cross-linking on the substrate
surface, the effects are negligible in comparison to the cross-linking effects by
20 the hyperthermal neutral molecular hydrogen under the working conditions of
the present invention. The same cross-linking results were obtained no
matter whether the substrate was an electrically grounded silicon wafer, an
electrically isolated silicon wafer, or a polymer. Therefore, the effectiveness
of hyperthermal neutral molecular hydrogen bombardment to preferentially
25 cleave C-H bonds and to induce cross-linking is confirmed.
In these proof-of-concept experiments, the ECR plasma condition was
purposely set to produce a relatively low proton flux so that the bombardment
experiments could be accurately timed. The throughput of the production of a
cross-linked layer with an area of over 300 cm? can be much faster than 1
30 second. In fact, by increasing the microwave power and fine tuning the ECR
plasma conditions, the inventors had estimated a proton flux of > 5x10'%cm?s,
over 500 times higher than that the flux used in the above bombardment
experiments. Hence, the throughput in producing cross-linked molecular films

can be very high. The throughput can also be increased by generating more
25
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ions and el eéhé@%f%é‘h?ﬁénﬁé\ﬁm?\ehhﬁl ﬁib%’inér'er H #88 réGucetleTIRérRr €,

even if these 1ons and ectrons may 1 nduce nolecul ar cross-1inking on the
substrat e suwbad®, mehsurableecrossdinkingdgt thgi $sime |bnnthm@mehtbmetw)hemﬂwe

cross-linkin cts by the h r er neut a nol ecul ar q( en under
Che vor ki g uf BitRacR s NRROYP S ZRENT ninR e Ry S s SUdRg i 1
resul 1§ ver eafifhdeged tﬁ@fd@ﬂﬁeﬂrthé‘/ﬂ%&%em n%UHéF ﬁ@lé?:u%ﬂwy@i'ﬁo@érﬁ(?t rically

grounded silicon wafer, an electrically isolated silicon wafer, or a
pol ymer. Thepesjesties dh@oéhawehoeghakmetlc energy to break C-H bonds. The

results from this set of experiments also indicate that atomic hydrogen drifted
from the plasma to the sample is not an important reactant causing cross-
linking in comparison to hyperthermal neutral molecular hydrogen properly
20 generated in the drift zone because the flux of atomic hydrogen from the
plasma should not change much when the sample location was moved from
50 cm to 75 cm. If atomic hydrogen can cause cross-linking effectively, the

sample located at 75 cm should also show some sign of cross-linking.

25 EXAMPLE 3
The same experiments in EXAMPLE 1 were repeated with the sample

location at 50cm and with polyacrylic acid as the precursor molecules. For a
10nm polyacrylic layer, the cross-linking was completed in 80 seconds for
hyperthermal molecular hydrogen at a nominal average energy of 6 eV. The

30 retention of the —COOH functionality was found, with XPS, to be 90%. When
this average bombardment energy was raised to 12 eV by increasing the
extraction voltage, the —COOH retention factor dropped to 40%. This is
consistent with the expectation that violent bombardment causes undesirable

—COOH degradation. When the thickness of the polyacrylic acid layer was
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of hyperthermal neutral nolecular hydrogen bonbardnent to preferentially

cl eave C-H bonds and to induce cross-linking is confirmed. In these

pr oof - of -wonompw@speri ments, the ECR pl asna conditi on wrag/quoposeddy set to
produce a relatively low proton flux so that the bonbardnent experinents
could be accurately timed. The throughput of the production of a

Cross- Iinkedrddm:ed twiStimaa bardzardeat of 1(386camds aiathlsbmmimahaflmger than 1
second. In fact i ncreasin m crovvav power ne trﬁqm n% t he ECR

pl asma condi P%\h@r ﬁ@tfmﬁranpgﬁse wasgéwaat%&%p&t%?%q
5x1016/ cnBs ror@Mflce 9 thd HE%%RBbE'?ﬁ% tﬁ\%”reﬁﬂéﬁoﬁ BetHel bB?nHér%‘i'nérﬂ tﬁrﬁk?fl%)OVe

bonmbar dnent experinents. Hence hroughput 1 n producing cross-Ilinked
mol ecul ar fi fluenaedmedpairaraent forthar |n'6r&asteldrtbeg+ﬁ.‘gm®kb@|teralmdob‘f95%cv°§ased by

h th | H2. b t ' th d th
2 pr oSsur o BRPHRG 4 BREHODO PRIKRINERL I Cor REERIRE ProRebily Bt vabl e

to feed the weydHRIRFAdAtdOA he formof a roll of poI yrrer foil pre-coated
with the precursor ol ecules into the present reactor or a scal e-up version
of the reactor for practical fast production of a cross-I|inked nol ecul ar

| ayer with a specific chem cal func}zmg_%/ unctionalities on a pol yner
foil. EXAMPLE 2 The experinents in re repeated with the sane

condi tions except Th@%‘bow%x?éﬂﬁbﬁtd |ﬁ(EDXAMPL\E33 vwdraGefeatettuiRier @V@¥aieom t he
proton entrance to the drift zone | ux factor was raised and the

aver ad@ ener guyncbﬂommexcmméhatﬁbe rmlyanadtcraamd pesicacsaranolegdles yesrevigplaceduced.

There was no rable cr.oss-.l i nki r the s when
Che arite dn oTERONRAUE A Baunp oot il A< BTS2 S
cross- | i nki ng=Cshaid." Foi4 ﬁﬁnb@tﬁéﬁa ﬁe'wErédn@éoﬁrhgleaumréth@nﬁaln thekneas,

nol ecul ar hydrogen projectiles do not have enogg kinetic energy to br eak

C-H bonds. Tie besbardnentdime requirestenifto erpwietalymressilinlpthenlgyeawitht hat

eact ant candiiy el okay WerBafi AT o KBRS ATBNE ablrdifor Chy R o

mol ecykar hyglisgggah RTsREhY Y THRNERTODRfrdtentiditwds LObI7 BealxeCRSBqliigd f | ux of
atom ¢ hydrogen fromthe plasnma shoul d not change nuch when the sanpl e

| ocat i on wasbombacirmentfiwhcerwasosg Bveml he idrastienhereagingdgenosslinkingis e
cross-1inki ngﬁl%{écn%gtv&avseal\%ﬁbt}tgg to the fact that the unsaturated alkene attachment
can be cross-linked via a chain reaction instead of totally relying on C-H
cleavages and subsequent carbon radical recombination.
20
EXAMPLE 5
In a comparative trial to demonstrate the difference between the
present invention and the conventional plasma surface modification methods,
a 10 nm layer of polyacrylic acid with the alkene side chain was placed at
25 5 cm from the plasma to model direct plasma exposure. Another sample was
placed at 50 cm to receive hyperthermal molecular hydrogen bombardment at
a nominal average energy of 6 eV. Both samples were exposed for 50
seconds. The sample located close to the plasma lost >90% of the -COOH
functionality with the residual oxygen present as a mixture of oxygen-
30 containing groups. In comparison, the sample located at 50 cm and exposed
to hyperthermal molecular hydrogen with a nominal average energy of 6 eV
retained ~99% of the —COOH group without any other different oxygen-

containing group. This trial test demonstrates that the present invention is
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sanple |l ocated at 75 cm shoul d al so show sone sign of cross-I|inking.
EXAMPLE 3 The sane experinments in EXAMPLE 1 were repeated with the sanple

| ocat i on Wb 26Dwa@sd wi th pol yacrylic acid as the precuPsorcAaroiogpodes. For
a 10nm pol yacrylic layer, the cross-linking was conpleted in 80 seconds for
hypert her mal nol ecul ar hydrogen at a nom nal average energy of 6 eV. The

retention of find@mdrtsily diffafdnt eoa biher WBAVERtioNal swifade MioGifidatioh®y90% When
this average bonbardnment energy was raised to 12 eV by increasing the

extracti on vPlRSEGeEXRAsEre.COOH retention factor dropped to 40% This is

consistent wwth the t | e i : undesi rabl e
- COCH degr adat i onn.I \Rﬁgﬁgg‘%@ q%%gﬁﬁﬁ,se\%ﬁ*rﬁﬁtgméﬁfﬁ% @iﬁﬁ/ﬁtgyer
wasr educed t peférome t@sgéﬁfﬁ@rcdﬁﬁglﬁraﬂbnéande@@ﬂﬂ@ﬁ iHoweveothiosealskiledringe

bonbardnent energy of 6 eV was enough to conplete the cross-linking in
ref er efice t ot wilkeagdily @epreciate thatrtheeambedners hayEIRBEr dnent ti me

i.e., fl . Jj f i t 5 i 95%
hs xpect od. CoIMBRITEHTT neslisd SFins dtF wBR3e. FE Sifblel FhFEbARdhaT =0
- COOH degr agagduetion ERENRiUE darT be uskd\te peodiase thre ompositioMdMRhE 3 wer e

repeat ed under the sanme conditions except that the gol,éa(ﬁ%l ic acid
precursor mofeatingés), sereng apthe taghpique ip sapakle\afirrodsind & Aasired short si de

et e PR e o AL 1 e

precursor no ness, ment tinme requlrenent

to compl et el gogtirss of colirseNmalydyevaridd, Andyimputities medy eotoderatedt, soyidnggen at
a nom nal average energy of 6 eV was |ess than 1 second.,6 The - COOH
9

aetenfti on wa3s R essiisiioemulations gif sllicorpratant e Rroducgdlasiedas so | ow. The
L T et OB DISIS D B el o

that the uns can Pe Cross- ed via a c

reacti on i nshragdll aithinothal doppe&f his invemtion Fyiver thegrswiedde prbgidgd drytthear bon
radi cal reconbination. EXAMPLE 5 In a conparative trjal to %em)nst rate the
difference bpfeseshdeseintioadeone ohsdinapnsiihin theaart o Mpsaeyenigatyesata

surf ags odi Bhg%ﬁ' in?d}e@ﬁ@@ﬂﬁ'rents of the invention may be combined in any suitable

manner without departing from the scope of the present invention.

As used herein, the terms “comprises” and “comprising” are to be
construed as being inclusive and open rather than exclusive. Specifically,
when used in this specification including the claims, the terms “comprises”

20 and “comprising” and variations thereof mean that the specified features,
steps or components are included. The terms are not to be interpreted to
exclude the presence of other features, steps or components.

It will be appreciated that the above description related to the invention
by way of example only. Many variations on the invention will be obvious to

25 those skilled in the art and such obvious variations are within the scope of the

invention as described herein whether or not expressly described.
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a 10 nm | ayer of polyacrylic acid with the al kene side chain was pl aced at
5 cmfromthe plasma to nodel direct plasm exposure. Another sanple was

pl aced atwbQommp@sr ecei ve hyperthernmal nol ecul ar hydr ogem/daanipzoocyent at a
nom nal average energy of 6 eV. Both sanples were exposed for 50 seconds.
The sanple located close to the plasma | ost >90% of the -COOH functionality

with the reswHAT ISCIgBMEDeSent as a m xture of oxygencontaining groups.
In conparison, the sanple |ocated at 50 cm and exposed to hypert hernal
nol ecul ar hydrogen with a nom nal average energy of 6 eV retained -99% of

the - COOH grpup V\Atnt}(?m ?ﬁy?,%HEE{nSCHJ eRheftha AR SRNEAIBE Rgd@beHP. This

t_r| al test dem)nst ra ent I nvention isfundanental |y
di fferent freomptisiag te@stepstofonal surface nodification by plasma exposure

In the present description, exanpl e, embodinents a iven wi.th reference t

specific confi gur@(”ﬁ?ﬂsa&’ﬂﬁfm%éﬂ ietrastin M'dtpf?o?ga E(blxloét?r?tr?%%e arte °
W o eadt ! YnaRRe ShEREs IBraRiORbEARAN] ST YR ALRakey hand anadigyr at | ons

and et hod s eps”ar e possi or exanpl e, any conventional production

techﬂl que caga|béluu$§qbrd>tonpnruidta:ehambelclotq)wbldﬁlmnleoﬂletsmf fwdmgeig@@) so | ong
as the technj i

f d d
exanpl e, thelt @ﬂ&?@@éﬁ eﬁ‘ccr)‘r O CI n%@ﬁg Sprro Coﬂp(f boatl Egg of
course, may maa[/até%k hﬁ?aggﬁf}?ﬁ;)érft.h KirEhe &%r@@i&éﬁﬂ&ﬁoleé@leb@mydmgéﬁ\e

resulting for Ions are etent to produce desired
char act eri st pasluciBighenergatiodichentar harogen and sheseinfa gascadesisolisions

t echni ques a e all hin the sco of this in n d
provi ded by ﬁ@’%ﬁ”e%aéﬁ&n@nﬁ 'Pl’B?'@E Ia{bygwgegfaqgf@f\ W%H\f%]oftﬁyq ﬁggémr? 9
Mor eover, fodees & f LPJ@‘ eMREEMSIRARFIPISc AN hitfrobeN Satingkingtc be
conbined in gny Sul ta!) n@ner w t hout departing )?mo?nthe s??ope of the
present i nveahemyies iAsa tesrge fremeibout d e/ tecabaut 106 ses” and "conpri si ng"
are to be construed as being inclusive and open rather than exclusive.
Speci f| cally, when used in this specification including the clains, the

terms "conprbses” TREhethBERICCSIdMY tPOdinY arwidrefSaill Mok P pra®as is hat the
speci fi ed features, steps or conponents are included. The terns are not to

be i nt er pr et adrodoced intadaid teapbesatrone end thereef ardwheeain saiemeolagular
componentss. hydrogen is introduced into said chamber at a position spaced from said one

end thereof.

3. The method according to claim 1 or 2 wherein a density of said flux of
hyperthermal neutral molecular hydrogen is controlled by maintaining a
pressure of said molecular hydrogen in a selected range such that a mean
free path of said molecular hydrogen is sufficiently smaller than a size of said
chamber so that said molecular hydrogen that has acquired energy from said
protons undergo a pre-selected average number of collisions with other

hydrogen molecules.

4. A method for selectively breaking any one or combination C-H and Si-
H molecular bonds in molecules at or on a surface of a substrate, comprising
the steps of:

producing, and directing a flux of hyperthermal neutral molecular
hydrogen having kinetic energies in a range from about 1 eV to about 100 eV
to the substrate surface such that upon impact of hyperthermal neutral

molecular hydrogen on molecules at or on the surface containing any one or
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It wll be appreciated that the above description related to the invention
by way of exanple only. Many variations on the invention will be obvious to
t hose skiwbedioadoke art and such obvi ous vari ati ons ar @CmicA2 /W™ Scope
of the invention as described herein whether or not expressly

described. WHAT IS CLAIMED I S: 1. A nmethod for produci ng hyperther mal

neutral nol eeohibindtivirafd®H bemdans S thdreisstheS-Hbondoand Si-Hbphdsare and
extracting fromsaid plasna a flux of protons having energies in a range

from about 56¢leotiyely suRiytedikev, and directing said flux of protons into a
chanber into which nol ecul es of hydrogen are introduced and wherein protons
fromsaid flux of protons collide wth nol ecules of hydrogen inparting

ki netic ener gy toTheimethodesodbedingto bigin dgehengirothecstap of pesdiating afiukecul ar
hydr ogen andargerein a cascade of collisions between said energetic

mol ecul ar hy8F BygeeTthaiIab NREiralmpPlecylas SyerogandtspRising frigePsLft | ux of

hypert her mal neut ; ' &i | | a range
from about 1 eV tE&%@%?e‘ﬁ%ﬂéﬁmgﬂ%ﬁg”@phﬁ%'Qé@%’h?r?g o&‘I a}dnrgl wherein
sai d fl ux of hpviogemergiesimaradge éom abouts 80 é\ttoaatioait 1&eVpard dirdctifger eof and
wherein said npl ecul ar drogen js introduced into said chanber at a
position spaseld ffPRhRIgiaRsdn 2AdATREr W?‘ﬁ% mﬁk%’iqsrﬁfdﬁ)ﬂ&&gﬁaiﬁﬁ to claim

1 or 2 wher eid’iro%u‘élgp%inHXNWérelﬁ??t‘é).t(;ﬁé'ﬁoﬁifsé’iﬁ' REX bPBrdtBhs BEHAE @litho! ecul ar

hydrogen is controlled by nmaintaining a pressure of sald nolecul ar hydrogen
in a sel ect ethalesudes sfibydrogen irmpariag Kimetic gradrgy ¢d saidi Moleslieswfdydgbrogen

' fficientl | ] t ' of said chanber so that said, nol ecul ar
hydr ogen't haPTHAE T TOBHC EXleCHAT nEIrPaSh AGMAIESRE AReRsas & GBI eot od
el coti vel y BrASrE SNy chleRiicablectler Mo AR ol B0 iies B dhBRRC 1
i n nol ecul espeaiduzes @flux siunfpectheahabneutts maleeylacbygrogen mgvingekingtips of :
produci ng, and directing a flux of hy t hermal neutral nol ecul ar hydrogen
oot ng. ki net PEeGits B4 BMdd tomaraut M AT o apout 100 v

6. The method according to claim 5 wherein said flux of protons is
introduced into said chamber at one end thereof and wherein said molecular
hydrogen is introduced into said chamber at a position spaced from said one
end thereof.

7. The method according to claim 4, 5 or 6 wherein a density of said flux
of hyperthermal neutral molecular hydrogen is controlled by maintaining a
pressure of said molecular hydrogen in a selected range such that a mean
free path of said molecular hydrogen is sufficiently smaller than a size of said
chamber so that said molecular hydrogen that has acquired energy from said
protons undergo a pre-selected average number of multiple collisions with

other hydrogen molecules.

8. The method according to claim 4, 5, 6 or 7 wherein said range of
average kinetic energy of hyperthermal molecular hydrogen is from about 1
eV to about 20 eV.

9. The method according to any one of claims 4 to 8 wherein the

substrate is selected from the group consisting of polymers, electrically
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to the substrate surface such that upon inpact of hyperthernmal neutral

nol ecul ar hydrogen on nol ecul es at or on the surface containing any one

or conbi nawoan1a®9@sH bonds and Si-H bonds the C H bondspam@ASnrHommnds ar e
selectively ruptured. 5. The nethod according to claim4 wherein the step
of producing a flux of hyperthernal neutral nolecular hydrogen conprising
t he steps ofinslating materialsasieatrimatly semicorduating matedalsdand & ically| ux of
pr ot ons havi n(%‘(fn({arai es i.n a range from about 50 eV to about 1keV, and
directing safAUHRIFAEFBSons into a chamber into which nol ecul es of
hydrogen are introduced and wherein protons fromsaid flux of protons
collide with nol ecul es of hydrogen inparting kinetic energy to said

nol ecul es of 16y dr Dhe meihod accorgingnier ant ore abclainns 4rto BwheEEmsaifd wherein a

cascade of callisions between said, energetic | r ] her
nol ecul es of "W;I)"tﬁ“&‘?gseﬂt ?fr%mﬁkee_ SD&’WF%%%%%?%@W%’?%%&? ‘. §l| :r'm?}emg’u ar
hydrogen having Hehastang $i4b8has ard palyhstgerrhingmeleeules depdsited abaut 100
eV. 6 . The nethod according to claim5 wherein said flux of protons is

i ntroduced i layer saisdiccsubatiate surfae’ end t hereof and wherein sai d nol ecul ar
hydrogen is introduced into said chanber at a position spaced fromsaid one
end thereof. 7. The nethod according to claim4, 5 or 6 wherein a density

of said flux19f hyRemdtaodalcorliig & claiph ¢0whireinyttieaipposited tayerr ol | ed by
mai ntai ning a pressure of said nolecular hydrogen in a sel ected range such

that a mean ¢onrteining polymesdpaming raelerules magratiickness ivieh E@nges frora @ | er
than a size i t i.d nol ecul ar hydrogen that has
acquired enegg\/n%{%f'g?ﬁ@%{r%q%r@&gn@ghr@grrgg a pre-sel ected average nunber of

multiple collisions with other hydrogen nol ecul es. 8. The nmethod according

toclaim4, 5 6 or 7 wherein said range of average kinetic en?r?ﬁ/_ of
hyper t her mal 14ol e€he aethod asgerdingtar ¢laim 4B Qit1 1iwhereinthepRRlymeFNINg  The

met hod accorﬁio{f%a}lé)s g%pﬂg'gsgf%rﬁtleaiJ%néa}@a%d%éﬁiggﬁ@%u bstrate i's

selected fro € group consrsting of polyners, ricallyinsul ating
materials, electrically sem conducting materials, and electrically
conducting materials. ) . . )
13.  The method according to claim 10 or 11 wherein the polymer-forming
molecules comprise saturated or unsaturated organic molecules with

chemical functional groups.

14.  The method according to claim 10 or 11 wherein the polymer-forming

molecules comprise saturated or unsaturated silanes and their derivatives.

15.  The method according to any one of claims 4 to 9 wherein said
molecules at or on the substrate surface containing any one or combination of

C-H bonds and Si-H bonds are molecules forming part of the substrate itself.

16. The method according to any one of claims 4 to 9 wherein said
molecules at or on the substrate surface containing any one or combination of
C-H bonds and Si-H bonds is a combination of molecules forming part of the

substrate itself and molecules deposited on said substrate surface.

17. The method according to any one of claims 4 to 15 wherein the layer

containing polymer-forming molecules is deposited using any one or
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10 . The nethod according to any one of clains 4 to 9 wherein said

nol ecul es at or on the substrate surface containing any one or conbination
of C-H bowd=20smd9@8- H bonds are pol yner-form ng nol ecul esTA2oBVMWEI N a
| ayer on said substrate surface. 11. The nethod according to claim10
wherein the deposited | ayer containing polynmer-form ng nol ecul es has a

t hi ckness wh¢arbinatige of spayiray) sptrecoatingy dig-egsting; fetrpsindéinghamd so@enm 12,
The net hod according to claim 10 or 11 wherein the polynmer-formng

nol ecul es coh‘?ﬂtir@e saturated or unsaturated organic nol ecules. 13. The
met hod according to claim 10 or 11 wherein the polyner-form ng nol ecul es
conprise saturated or unsaturated organic nolecules wth chem cal
functional gt®upsThdmethibe aceotding tacdaimi#wheareincany ane or eembinatiearafi n t he

| -forni | ] . d Si d
Pher - der valdwed Gafbeus BT sdtndhs Fg B vt P atbeBiee BT~ 0"
wher ei n sai dop@hReVhRfetls AlsaRlstiffdeeSteRsitingtia aSsHdrean domage Proertisy. one or

conbi nati on of C-H bonds and Si-H bonds are nol ecules form ng part of the
substrate itself. 16. The nmethod according to any one of clains 4 to 9

wherein said | ecul es ,at ,or _on,.th b t e r 04 one or
conbi nati on 6§mc iﬁ%msogﬁﬁc‘éﬁdm %oﬂ%ﬁﬁé%eégﬁb%aﬁggpﬁﬁgéﬁ P% e%%%es

form ng part 58) ohB®reeRibinaion oft ey @RddImise hardfesdeipnid tattuetiviegi d
substrate surface. 17. The nethod according to any one of clains 4 to 15

wherei n t he elegtricat condiiativity, usfagemneray. iiurfgceshenistes flictiafeposi t ed usi ng
o nation of SDravi oo s o ) o e D int .
2 sr eanpr PR ERpity Bty AdB s o W By Ao flficedibgnickP O B! OF

combi nati on pfopertddir ed C-H bonds and Si-H bonds cross-link with thensel ves

or with other chem cal noieties at said surface resulting in a change in
surface properties. 19. The nmethod according to claim 18 wherein said

surface br 0Bt | C3ngceiBy ABSrda RONBIAB\AML Bl J QUBELSof B tHsngd B dness,

ioni c conducffvity, Ivity, Surfaceenergy, surface
chenmistry, fghigtdupfaceRropeibslis tontralictf bistonttollingaineshenr comtbiratidni afy, and
surface bi ochem cal properties.

the energy and fluence of said hyperthermal neutral molecular hydrogen

molecules hitting said substrate surface, and the molecules at or on said

substrate surface.

21.  The method according to claim 18, 19 or 20 including introducing pre-
selected molecules into said chamber while simultaneously directing the flux
of hyperthermal neutral molecular hydrogen to the substrate surface to induce
cross linking of the ruptured C-H and/or Si-H bonds with said pre-selected
molecules for altering a chemical composition of the surface compared to the

rest of the substrate.

22. The method according to any one of claims 1 to 21 including applying
any one or both of a positive direct-current and an alternating-current
electrical bias to said substrate during bombardment of the substrate by the

hyperthermal neutral molecular hydrogen.

23.  The method according to any one of claims 1 to 21 including applying a

any one or both of a negative direct-current and an alternating-current
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20. The nethod according to claim218 wherein a degree of said change in
said surface properties is controlled by controlling any one or conbination
of the ernwogyioamdo8l uence of said hyperthermal neutral molraczbavooipdr ogen
nol ecul es hitting said substrate surface, and the nol ecules at or on said
substrate surface. 2 1. The nmethod according to claim18, 19 or 20

I ncludi ng i ngeegiéal B&s%%ameéwét@@e ARG BbRTbardhentel thetdidishiate Biithe

simul taneously directing the flux of hyperthermal neutral nol ecul ar

hydr ogen to hywrerthesetal acetramplecular hiydragiene cross |inking of the ruptured
C-H and/or Si-H bonds wth said pre-selected nolecules for altering a
chem cal conposition of the surface conpared to the rest of the substrate.
22. The nmethod according to any one of claims 1 to 2 1 including applying
any one or both of a positive direct-current and an alternating-current

el ectrical bias to said substrate during bonbardnent of the substrate by
the hyperthermal neutral nol ecul ar hydrogen. 23. The nethod according to
any one of claims 1 to 2 1 including applying a any one or both of a
negative direct-current and an alternating-currentelectrical bias to said
substrate during bonbardnent of the substrate by the hyperthermal neutral
nol ecul ar hydr ogen.
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