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Abstract: A new synthetic approach for the formation of ultrathin polymer films with customizable properties
was developed. In this approach, the kinematic nature of proton collisions with simple organic molecules
condensed on a substrate is exploited to break C—H bonds preferentially. The subsequent recombination
of carbon radicals gives a cross-linked polymer thin film, and the selectivity of C—H cleavage preserves
the chemical functionalities of the precursor molecules. The nature and validity of the method are exemplified
with theoretical results from ab initio molecular dynamics calculations and experimental evidence from a
variety of characterization techniques. Its applicability is demonstrated by the synthesis of ultrathin polymer
films with precursor molecules such as dotriacontane, docosanoic acid, poly(acrylic acid) oligomer, and
polyisoprene. The approach is fundamentally different from conventional chemical synthesis as it involves
an unusual mix of physical and chemical processes including charge exchange, projectile penetration,
kinematics, collision-induced dissociation, inelastic energy transfer, chain transfer, and chain cross-linking.

Introduction bination of carbon radicals can be exploited to produce novel
polymeric films with tailor-made chemical functionalities. More
|mportantly, the reactivity and chemical selectivity of these
tnusual reactions display intriguing effects and applicability of
kinematics and inelastic collision in the design of chemical
reactions.

Unlike photon and electron irradiation which can promote
reactivity with chemical selectivity through their direct coupling
to the electronic structures of the reactants, the reaction driving
forces of atom/molecule projectiles are more complex and
typically influenced by charge exchange and translation
potential (T-V) energy conversion among all parties in the
collision events induced by the entry of the projectile into the
reaction systeri.8 Typically, projectile chemistry and energy
are the key reaction attributes for improving chemical selectivity
and reactivity in the design of collision-induced chemistry. The
recent successes in controlled soft-landihgf hyperthermal
polyatomic molecules or molecular ions fully exploit the
projectile chemistry in the yield of reaction products with
specific chemical functionalities. However, the industrial ap-

The momentum and kinetic energy of a reactant are rarely
considered as design parameters by synthetic chemists, despite
that these factors are critical in many practical materials
processes employing physical sputtering for surface cleaning,
reactive ion etching for submicrometer device fabrication, ion
implantation for semiconductor doping, and ion-assisted film
deposition. For enriching our understanding of the underlying
science, Ceyérvividly used “chemistry with a hammer” to
illustrate some unusual features of this reaction design. She
employed hyperthermKr as the “hammer” to dissociate GH
on Ni(111), and showed that the whole molecule is excited due
to the large collision cross-section of the hammer. In compari-
son, when the Kr energy is raised to 10 keV, the collision cross-
section shrinks and the projectile becomes a “bullet” which can
recoiP a single constituent atom of a target, like “chemistry
with a bullet”. Although these hammer and bullet promote
chemical reactivity, they are not chemically selective. Here, we
show that, when hyperthermal protons collide with adsorbed
organic molecules, €H bonds can be preferentially cleaved
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plicability of soft-landing molecular species is inevitably
confined by the cost-effectiveness in production and delivery
of the required molecular species in a large area.

To design an alternative practical route for improving
chemical selectivity in chemistry with a hammer, we focus our
attention to effective ¥V conversion. Particularly, we consider
that under the simple hard-sphere binary collision mbdel
atomic hydrogen projectile at 10 eV can at the most transfer
2.8 eV to a carbon atom of the hydrocarbon framework of an
organic molecule through a head-on collision of the two atoms,
while the energy transfer to a hydrogen atom of the organic
molecule can reach 10 eV. Since the typical bond energy for a
single bond such as-€H and C-C is about 3-5 eV in common
organic molecules, conceivably collision with atomic hydrogen
projectiles at 10 eV can cleave-&l bonds and may leave all
C—Z bonds intact, where Z is any common constituent atom
heavier than hydrogen. With this chemical selectivity by

that the projectile can transfer energy to its collision partner
via mechanisms including (a) vibration excitation of the target
molecule through its long-range dipole coupling with the moving
proton, (b) charge exchange, and (c) internal energy transfer
through a quasi-molecule transition state in close encounter. In
short, in our proposed reaction design, reactivity and chemical
selectivity will be affected by both the physical kinematics and
these inelastic factors in the reaction. In this context, it is relevant
to note that several researchers active in plasma-assisted
depositiod®19-20and etching of hydrocarbon filn{s2%-22 have

also recognized and confirmed the importance of the individual
and synergetic effects of such physical and chemical factors in
their reaction systems. In particular, von Keudell, Jacob, and
their co-worker3® have recently articulated the collision nature
that hydrogen ions impinging on a hydrocarbon film can
penetrate into the film and preferentially displace its hydrogen
atoms. This was exploited to engineer the extent of cross-linking,

kinematics, we can select certain precursor molecules, condensdilm density, and hydrogen content of the resultant hydrocarbon

them on a substrate surface, cleave somdi®onds, and let
the activated molecules cross-link to a polymeric film with
tailor-made chemical functionalities of the precursor molecules.
Itis relevant to compare the proposed collision approach with
simple hydrogen abstractidf,a thermally driven reaction in
which a hydrogen atom breaks a& bond in a hydrocarbon
molecule to form a hydrogen molecule and a hydrocarbon
molecule with a carbon radical. This reaction is almost enthalpy
neutral or slightly exothermal, with a small energy batfiexrf
about 0.4 eV. Hence, it can proceed even at room temperature
Nevertheless, our proposed collision approach with hyperthermal
hydrogen projectiles offers two advantages over simple hydrogen
abstraction. First, the reactivity leading to—@& cleavage
increases drastically fromy0.05 A2 for the hydrogen atom (in
an Eley-Rideal-type reaction) at 36400 K (~0.04 eV}°to
1.2 A2at 0.7 eV and 1.5 Aat 1.6 eV21t is thus reasonable to
expect a 100-fold increase of reactivity by optimizing the
reaction with projectile energy. Second, the collision approach
promotes projectile penetration and mobility below the surface
of a film of adsorbed or condensed hydrocarbon molecules,
which is indeed exploited in this work to produce novel
polymeric films. It is known experimentalty that argon at 15
eV can penetrate to 10 A in a silicon crystal. A recent computer
simulatiort* also shows that Hat 10 eV can go as deep as
~10 A in an amorphous hydrogen-containing carbon film.
The proposed reaction design relies on a seemingly over-
simplified binary collision for chemical selectivity. However,
the design is not ungrounded because Tongson and C8oper
indeed found that 20 eV Necolliding with copper follows the
kinematics of hard-sphere binary scattering. On the other han
previous experimental studi€s!8 of H* collision with gaseous
CHg, C;H,, and GH4 in the energy range of 280 eV showed

d
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film.

Results and Discussion

Computational Analysis. To further assess the validity and
feasibility of our reaction design, we performed quantum
chemistry calculatior?4 of the reaction dynamics in a sequence
of 0.05 fs steps for 50 selective collision configurations most
likely leading to C-H and C-C bond cleavages in the collision
systems including (a) a proton {ihitting a simple hydrocar-
bon, H" — n-CyHx+2, and (b) a hydrogen atom (H) hitting a
simple hydrocarbon: H> n-CyHax2, for x up to 6 as a function
of projectile energy. For the simulation of each collision
configuration, we initiated it by setting the initial velocity and
orientation of the projectile relative to the target molecule. The
electronic energies and forces were calculated with the quantum
chemistry code. The velocities and orientations of the atoms
were updated for the next time step, and the iteration continued
until the end of the collision event, which typically lasted for
about 100 fs.

In our sampling of collision configurations, we found that,
with an impact energy of 10 e\a H projectile can cleave-€H
but no C-C bond for all calculated molecules. Although the
results support our proposed preferentiati cleavage, the
details in collision dynamics deviate significantly from the
kinematics of binary atomic collision. In brief, some kinetic
energy of the projectile is being transferred to the molecular

(18) Aristov, N.; Maring, W.; Niednerschatteburg, G.; Toennies, J. P.; Chiu, Y.
N.; Koppel H.J. Chem. Physl993 99, 2682-2694.
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(22) Hopf, C.; von Keudell, A.; Jacob, W.. Appl. Phys.2003 94, 2373—
2380.

(23) Hopf, C.; von Keudell, A.; Jacob, WDiamond Relat. Mater2003 12,
85—89

(24) Frisch, M.J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O. Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;
Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; and
Pople, J. AGaussian 98, G98AL1th ed.; Gaussian, Inc.: Pittsburgh, PA,
2001.
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constituents of the target as both kinetic energy and internal 1 n E
energy. Nevertheless, for the same target molecule, energy §
transfer from the H projectile to the collided molecule is still £ 1 4 L1 &
more efficient for collisions hitting a hydrogen atom of the . v M ¢ k|
molecule than those hitting a carbon atom. For collisions with Q 10 - L 10 _§
a 10 eV H projectile, the kinetic energy loss of the projectile 3 ° _§
head-on colliding with a hydrogen atom of the target molecule g 91 9 5
ranges from~3 to 7 eV, depending on the spatial collision 5 ° =
configuration. Although the maximum energy transfer is less 2 8 I8 2
than that predicted by the binary collision model (10 eV), itis = ; ; g
still sufficient to induce collisional cleavage of-&1 bonds in £ * k=
the target molecule. In comparison, our data show that a H 6 , , ‘ , , . 6 _§
projectile head-on colliding with a carbon atom has a smaller 0 20 40 60 80 100 =
kinetic energy loss of2—3 eV, and this energy transfer is not Ton fluence (x10'5/cm?)

sufficient for collision-induced €C bond cleavage. In short, ! L ) .

. . . . Figure 1. Extents of cross-linking (insoluble film thickness after solvent
the calculations of molecular dyﬂamlcs using _S|mp|e hydroca_lr- immersion, denoted as circles) and-C cleavage (film thickness before
bons support our proposed collision approach in reaction designsolvent immersion, denoted as triangles) as a function of ion fluence with
and enrich its theoretical framework beyond the oversimplified 10 eV H" ion bombardment of an 11 nm dotriacontane film.

binary atomic collision model. H-terminated sili ; hich s th i q
T -terminated silicon surface, which supports the purity an
Although a hyperthermal Hprojectile will likely be neutral- stability of the deposited dotriacontane molecules. XPS was also

ized when it is close to the surface of the substrate because 'tsused to measure film thickness. In addition, characteristic

empty 1s state lies in the valence band of the substrate and is
; . .~ .” “electron energy loss spectrosco EELS) was employed to
far below its Fermi level, the study of molecular dynamics in 9y P by ( ) ploy

the context of the present work is not complete without the confirm the absence of any unsaturated carbon bonds in all spin-
. X pres work 1 piete withou cast films and bombarded films. The results indicate that there
consideration of collisions with H In comparison to a H

projectile, a H projectile behaves differently in that the was no residual solvent (benzene)lin the film and unsaturated
exotherm’al charge transfer from the projectile to a hydrocarbon bonds were_not formed by_the COHISIO.n'

. . . Several pieces of experimental evidence demonstrate con-
molecule, which typically supplies an gnergy@B ev, eases sistently the feasibility of cross-linking dotriacontane by 10 eV
C—H and C-C cleavage. Our calculations show that, while a

g L H* collision.
10ev H arrving along the €C axis still (;annot cleave the First, the as-deposited dotriacontane molecules can be washed
C—C bond, it can cleave €C by approaching a carbon atom

dicularly to the €C axis i llisi p off with a solvent such as hexane, dissolution which was
perpendicuiarly fo the axis in some collision contigura- ¢ fimeq by XPS film thickness measurements. Such dissolu-
tions. These situations of -&C cleavage can, however, be

ted by reducing the kineti f the broiectil tion became incomplete after the dotriacontane film was treated
prevented by reducing the kinetic energy ot t ptojectile. by 10 eV H collision, as shown in Figure 1. For a dotriacontane
Overall, the calculation results for collisions with hyperthermal

H illustrat litatively th ible i s of ch ; ‘ film with an original thickness of 11 nm, a total ion fluence of
- fllustrate qualitalively the possible Impacts of charge transier 5 1 qejcpy jed to the formation of an insoluble film with a
in both chemical reactivity and selectivity.

residual thickness of-9 nm after the dissolution test. This
Our calculation results are consistent with those of Salonen thjckness is equivalent to the presence~df x 10'5 dotria-
et al.1*who gave a very small carbon sputtering yielcad.01 contane molecules/dnHence, on the average, @0 H*
for 10 eV H* hitting a hydrogenated carbon film, together with  prgjectiles at 10 eV were sufficient to cross-link one dotria-
a much higher probability of removing hydrogen from the film.  contane molecule into a polymeric network large enough to
Further, they found that increasing the projectile mass from H  resjst dissolution by organic solvents. While this analysis
to D* alone raised the carbon sputtering yieldt0.02. Hence, jjlystrates the high reaction effectiveness of the collision-induced
kinematics is indeed relevant. C—H cleavage and subsequent cross-linking, the experimental
Experimental Studies.To test our reaction design experi- result that continuous bombardment to ion fluence ovér/10
mentally, we selected dotriacontane, $0€H,)3,CHs;, as a cn? did not induce any noticeable film thickness reduction
precursor molecule and used a beam of-1®.6 eV H" to (Figure 1) confirms the negligible probability of-€C cleavage.
cleave C-H bonds in a vacuum and cross-link the simple  The second piece of experimental evidence of cross-linking
saturated hydrocarbon chains into a polymeric film. The trial of dotriacontane molecules by 10 eVHollision is shown in
was then extended as a function of projectile energy in the rangeFigure 2, which displays the changes of the valence band
of 3—150 eV. Dotriacontane was selected because the moleculespectrum of an 11 nm dotriacontane film as a function of ion
is large enough that it does not desorb in a vacuum at room fluence. The two spectral peaks of the virgin film at 14 and 19
temperature, and yet it is small enough that its solubility in eV are characteristics of the C 2s valence electrons of
benzene allows its uniform deposition on a convenient substratehydrocarbon chains with no branching. Similar spectral features
such as a silicon wafer by spin-casting. The film thickness was are found from polyethylene, as shown in the inset in Figure 2,
typically about 5-12 nm in this work. Atomic force microscopy  except some peak broadening associated with the chain length
(AFM) was employed to confirm the film uniformity and difference between dotriacontane and polyethylene. In com-
changes in relative mechanical strength induced by cross-linking. parison, polypropylene possesseSH;z side branches, and this
In situ X-ray photoelectron spectroscopy (XPS) verified the gives a distinct peak at17 eV (inset in Figure 2). Hence, the
presence of no elements but carbon on the atomically cleanobserved emergence of spectral signalsEf eV in conjunction

12338 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004
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with H™ collisions of dotriacontane molecules (Figure 2) gives Figure 3. Positive static secondary ion mass spectra of (A) an original
(?lear spectrgl_ eVidenC? of cross-linking and side-branch forma- dc?triacoﬁtane film and (B) a 10 eV*Hreated film at a dose of & 10'¢
tion. In addition to this change, the spectral band at 14 eV cm? Each peak labeled as, @ the bar graph shows the sum of all signals
dropped in intensity with increasing ion fluence. To explain this, of the GHa1 clusters.
we adopt the quantum chemistry calculations of Deleuze and
Delhalle25 who showed that, when a saturated hydrocarbon is Polymer. In the present study, we adopted these SIMS tech-
cross-linked into a rigid cage such as adamantane, the inducedliques and compared the mass spectra (Figure 3) of the virgin
bond strain correlates with the intermixing of the C 2s band film and bombarded film. The result Clearly shows the increases

(above 14 eV) with the “C 2pH 1s” band (below 10 eV). The  in the normalized intensity for fragment ions having more than
latter band has a relatively weak photoemission cross-sectionseven carbon atoms as a consequence of the film treatment with
so that the observed spectral intensity reduction at the low end10 eV H*. Following the model of Lianos et &.for deducing

of the valence band in Figure 2 can be an indication of extensive the degree of branching and cross-linking in saturated hydro-
cross-linking and associated strain in the resultant three- carbon polymers, we calculated the intensity ratio of the
dimensional network. A similar spectral intensity change was fragments with 6-8 carbons to that with-28 carbons and found

indeed also observed when the strain was altered in polyeth-that the ratio increased from9% for the virgin dotriacontane
ylene26 film to ~13% for the treated film. In comparison, Lianos et
In addition, we have also confirmed cross-linking of dotria- al2¢ found a ratio of~7—9% for polyethylene and-914% for
contane molecules by static secondary ion mass spectrometrypolypropylene. Therefore, our SIMS analysis indeed shows a
(SIMS). Conceptually, SIMS is an effective means to detect Strong correlation between cross-linking of organic precursor
any increase in branching or cross-linking of an aliphatic molecules and 10 eV Hbombardment of the film containing
polymer because branching/cross-linking leads to the formation these molecules.
of additional tertiary carbon sites and SIMS signals of large  The fourth piece of evidence of cross-linking of a dotriacon-
fragment ions are enriched when they contain tertiary carbon tane film comes from contact mode AFM studies. With the same
sites which stabilize the positive charge of the fragment ion. In force conditions for AFM imaging, the AFM scans of the virgin
practice, SIMS signals of the fragmentgH3,+1* with n > 6 film show the development of film holes torn by the AFM tip

and x < n have been found to be sensitive to changes in
branching/cross-linking. Upon this platform, van Ooij and
Brinkhuis?” proposed to use the intensity ratio of the most
intense fragment ion fon = 8 to the most intense fragment
ion for n = 2. Subsequently Lianos et @.showed that the
ratio of the sum of GHyu1™ for N = 6—8 to the sum of
CnHxx+1t for n = 2—8 is statistically more reliable as an
indicator of the degree of branching/cross-linking in an aliphatic

(25) Deleuze, M.; Delhalle, dnt. J. Quantum Cheni996 60, 293-302.

(26) Galuska, A. A.; Halverson, D. ESurf. Interface Anal1998 26, 425—
432.

(27) van Ooij, W. J.; Brinkhuis, R. H. Gurf. Interface Anal1988 11, 430—
440.

(28) Lianos, L.; Quet, C.; Duc, T. MSurf. Interface Anall1994 21, 14—22.

(Figure 4a), mechanical deficiencies which were not found after
the film was treated by 10 eV Hwith an ion fluence above
10'%cn? (Figure 4b). Although qualitative in nature, the
observed increase in mechanical strength of the treated film is
consistent with the cross-linking of dotriacontane into a
comparatively rigid hydrocarbon network. The production of
coherent films with mechanical strength is indeed an attractive
feature of our reaction design.

The projectile incident energy is a critical design parameter
in this work, and this is revealed by the film thickness data
collected with a constant ion fluence of 2 10%/cn¥? as a
function of energy (Figure 5). The film thickness reduction
induced by H bombardment was measured immediately after

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12339
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Figure 4. AFM images of (A) an untreated film and (B) a'Hreated film.
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Figure 5. Extents of cross-linking (insoluble film thickness after solvent
immersion, denoted as circles) and-C cleavage (film thickness before
solvent immersion, denoted as triangles) as a function of the projectile
incident energy of Fl ion bombardment of an 11 nm dotriacontane film
with a constant ion fluence of 2 10'%cn?.

the bombardment and gives the combined effects of film
densification, physical sputtering, and collision-induced @

12340 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004

cleavage followed by fragment desorption. It increases rapidly
when the ion energy is raised above 15 eV. On the other hand,
the insoluble film thickness, which signifies cross-linking, was
measured after the Hbombarded film was soaked in a solvent
to dissolve any loose molecules. It reflects the desirable
reactivity associated with the *Hcollision, and was found to
drop off quickly when the ion energy was reduced below 10
eV. The optimal collision energy was found to be about 10 eV.
The presence of an optimal ion bombardment energy in the
present reaction system convincingly validates the distinct nature
of our proposed collision-induced route in comparison with the
conventional hydrogen abstraction by atomic hydrogen carrying
merely thermal energy. For ion bombardment below this optimal
energy, the probability of collision-induced-& cleavage drops
and the resultant cross-linking reactivity is compromised. For
ion bombardment with excessive energy, the probability of
undesirable cleavage of bonds other thanHCrises and the
chemical selectivity is lost.

The formation of a polymer film of 511 nm in thickness
by H* with an energy of less than 10 eV is intriguing as the
direct projected randgé should only be 0.51 nm. There are
two possible mechanisms to increase the range of reaction in
depth. First, interchain hydrogen hopping, which is generally
referred to as chain transfer in polymer sciefftean extend
this range. For example, our quantum chemistry calculations
using the Gaussian 98 package give a small energy barrier of
0.7 eV for hydrogen hopping to G&HCH,CHs from a nearby
CH3CH,CH,CHjz, and the experimental valtfeof the CH/C,Hg
system is about 0.5 eV. Second, the scattered and recoiled
hydrogens, due to the collision nature, should be highly agile
in mobility in the hydrocarbon film until they are thermalized
in the collision cascade.

To explore the applicability of the reaction design, we have
repeated the experiments with a variety of organic molecule
systems. For example, polymeric films with a single chemical
functionality such as carboxylic acid were produced by cross-
linking docosanoic acid molecules, @&H;)2COOH, with
hyperthermal H at an ion fluence of less than 1 10%/cm?.

In this reaction system, there is a small probability of-&®
bond cleavage and the subsequent formation of an ester or
desorption of CQ The high population ratio of €H to CO—H
gives a forgiving tolerance in reaction parameters (proton energy
and fluence) for achieving both high cross-linking reactivity and
high chemical selectivity in the synthesis of a polymer film with
a single functionality of carboxylic acid by cross-linking
docosanoic acid molecules. To further scrutinize the chemical
selectivity of the reaction design, we checked its applicability
in cross-linking poly(acrylic acid) oligomers, H{GEHCOOH)H

with an average value of 30, which has a small-<H/CO—H

ratio of 3. Although hyperthermal H collision can indeed
convert a soluble poly(acrylic acid) film to an insoluble
polymeric film, the optimization and control of reaction condi-
tions for preserving the functionality of carboxylic acid were
demandingly critical. To illustrate this process of engineering
film functionality, we compare, in Figure 6, the XPS surface
composition data of the virgin film prior to bombardment
(sample A), the insoluble film after the 10 eV*Htollision at

a fluence of 5x 10'%cn¥ (sample B), the insoluble film formed

at a fluence of 2x 10%/cn? (sample C), and a poly(methyl

(29) Flory, P. JJ. Am. Chem. S0d.937 59, 241-253.



Ultrathin Polymer Film Formation ARTICLES

soluble and increased the film’s mechanical strength. Most
;’_OOH £o| _ intriguingly, these property changes were not confined to the
f 1:3 ) unmasked area but were also observed in the masked area about
2 . 1.5 mm from the edge of the mask opening. This long-range
H reaction was not observed in all saturated organic molecules
. which we have tried. Our results show that chain transfer assisted
3 by unsaturation can remarkably change the spatial range of
| cross-linking initiated by proton/hydrogen collision.
D The results from these application trials confirm that collision-
induced cross-linking adsorbed organic molecules with hyper-
thermal protons gives a new synthetic route for forming a
polymer thin film with customized properties. The preferential
C—H cleavage in this route overcomes the undiscriminating
C bond-breaking and thereby surface damage arising from irradia-
tion by electrons, ions, and other energetic particles in most
practical processes for thin film formation or surface modifica-
] tion which commonly employ gaseous plasmas. In our own
previous studies of formation of dielectric films on semiconduc-
tors, we adopted the remote plasma technique by employing
reactive neutrals in the downstream of a gaseous plasma source
for dielectric film deposition to reduce the probability of
undesirable bond-breakage of the semiconductor sufface.
A Similarly, in polymer science and technology, the methodology
. of “cross-linking with activated species of inert gases” (CAS-
ING) has been developed, also to minimize undesirable surface
Lo bond-breakagé! In CASING, excited argon or helium atoms
Binding energy (eV) are generated from a plasma and transported to the reaction site
Figure 6. XPS C 1s spectra of (A) a virgin film of poly(acrylic acid), (B) ~ where they react with the substrate surface or gaseous molecules
a 10 eV H treated film at an ion fluence of § 10%cn’, (C) 2 10 eV H above the surface via Penning or resonance electronic energy
treated film at an ion fluence of 2 10%/cn?, and (D) a virgin film of . s
poly(methyl methacrylate) as a reference. transfer to cleave bonds in a controlled manner for initiating
. ) i the required polymer reaction. Evidently, CASING is an
methacrylate) film (sample D), with the first and last as the oqiaplished methodology with a wide scope of applicabifity.
respective references for carboxylic acid and ester functionalities. |, comparison, our hyperthermal proton approach is a novel
The fingerprint signature of an ester, a pair of C 1s peaks'at C e with chemical reactivity and selectivity uniquely related
(~289.2 eV) and €(~286.6 eV) with an intensity ratio of 1:1, 4, e collisional and kinematic nature of the reaction design
is inarguably dn_‘ferer_lt from that qf carboxylic acid, which has |\ hich is tunable by the proton energy and fluence. Admittedly
C® but no C* With this reference in hand, one can see clearly ¢ scope of applicability is narrower because the reactivity and
that sample B possesses carboxylic acid with little ester, Whereasselectivity both rest on the nature of hydrogetydrogen
sample C pqssesses _ester \_/vith nearly no carbox_ylic acid. Thecollision and the chemistry of hydrogen in the adsorbed
large reduction of the intensity of°C®, and Crelative to G y5jecules. Nevertheless, the scope is wide enough because there
in sample C further suggests that, in addition to the consumption 5.« ¢4 many precursor molecules havingHC bonds and
in ester formation, some of the carboxylic acid units of the poly- 5nhropriate chemical functionalities, molecules which can be
(acrylic acid) must have been lost in the collision process, ¢ross.jinked with hyperthermal protons for the production of

possibly by the release of GOThe comparison of samples  q\ymeric films with practical industrial applications.
A—D demonstrates the feasibility in engineering film function-

ality with ion fluence, which is a common reaction attribute in Conclusion

most ion beam processes. Unsurprisingly, we also found that We have extended the chemistry with a hammer approach in
the suppression of ester formation and preservation of Carboxylicdesigning chemical reactions with kinematics considerations,
acid can also be accomplished_by reqlucing the proton eNer9Yhy using the lightest chemical species (hydrogen ion) as a
below 6 eV, and that the reduction of ion energy increases the projectile with a few electronvolts in kinetic energy to cleave

tolerance of ion fluence. _ , C—H bonds in adsorbed/condensed organic molecules and
In another interesting set of trials, we found that, while the ¢ epy induce their cross-linking. The degree of cross-linking
spatial range of cross-linking is about 10 nm from the collision is controlled by ion energy and fluence, and the original
site for saturated hydrocarbon as described earlier, this rang€yolecular chain and chemical functionalities can be well
extends to more than 1 mm when an unsa_turated hydroc"J‘rbonpreserved during ion bombardment. The applications of the
such as polyisoprene-CH,CH=CCHs;CH,—) is used. In these
trials, we spun-castranspolyisoprene molecules with an  (30) Kwok, R. W. M.; Huang, L. J.; Lau, W. M.; Kasrai, M.; Feng, X.; Tan,
average molecular weight of 4,000,000 g/mol to a thickness of K. Inarey. S Landheer, DJ. Vac. Sci. Technol., A994 12, 2701~
about 15 nm and further cross-linked them with 10 eV H  (31) (a) Schonhorn, H.: Hansen, R. Bi. Appl. Polym. Sci1967 11, 1416~
passing through a shadow mask with a hole at the center. The 1474. (b) Yu, Q. S.; Krentsel, E.; Yasuda, H. K.Polym. Sci., Part A:

= . . . . Polym. Chem1998 36, 1583-1592. (c) Yasuda, H. K.; Lin, Y. S.; Yu,
collision-induced cross-linking made the processed film in- Q. S.Prog. Org. Coat.2001, 42, 236-243.
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