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Inhomogeneous distribution of crosslinks in ion tracks in polystyrene and polysilanes
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Gelation in polystyrene, pofynethylphenylsilang and polydi-n-hexylsilang induced by irradiation with
30-200 keV Ga, Si, and Au ion beams is examined and compared with that induced by MeV-order ion beams
of similar linear energy transfer. The apparéntalues of crosslinkingcrosslinks per 100 eV absorbed dpse
are calculated using the Charlesby-Pinner relationship, and shown to be dramatically lower than for the
corresponding MeV ion beams. This decrease is attributed due to the reduced ion track radius and an increase
in the density of crosslinking points. The apparent crosslinkihgalue obtained by the Charlesby-Pinner
relationship represents only the crosslinking points contributing to gelation, and other points such as intramo-
lecular crosslinking in the core of the ion track are not counted in the relationship. The total volume of ion
tracks is considered to be the most important feature determining the gel fraction produced by the ion beams.
A new formulation that provides a good explanation of the gelation of the polymer is proposed, with applica-
bility to ion beams with energy of keV to MeV order.
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I. INTRODUCTION of thin films of several kinds of crosslinking-type

on i i . polymers?0-23

In recent years, ion implantation of polymers and organid®0'Ymer o _
materials has attracted great attention as a means of altering In this paper, the crosslinking values induced by keV-
the physical and chemical properties of these matelfals. order ion beams are compared with those resulting from
lon bombardment induces structural damage in po|ymeri¢vleV—order ion beam irradiation. The relationship between
materials with enhanced(positive-tong@ or reduced the crosslinkingG value and the chemical core radius in an
(negative-tong solubility in a solvent lon irradiation of ion track is discussed, and a new formulation of polymer
polymers can be applied to ion beam lithography, and spatiggelation induced by ion beams is proposed.
resolutions comparable to electron beam and x-ray lithogra-
phy can be achievel.

Aoki et al.’ Puglisi et al.® Calcagnoet al.” and Liccia- Il. EXPERIMENT
rdello et al®® have reported the effects of ion beam bom-
bardment on polystyren@S as a prototype polymer. Pol- Polystyrene (PS: Mn=1.0x10%, Mw/Mn=1.049 was
ysilane derivatives have also attracted great interest recentgurchased from Aldrich Chemical Co. Ltd., and used without
as a new category of polymer materifls! and the effects further purification. Polgmethylphenylsilang (PMPS was
of ion beam irradiation of polysilanes have beenprepared by reaction of methlphenyldichlorosilane with so-
reportedt213 The radiation sensitivity of polymers, particu- dium in refluxing toluené* Poly(di-n-hexylsilang (PDHS
larly the G values of chain scission and crosslinkifige., = was prepared by reaction of dihexyldichlorosilane with
number of crosslinks/100 eV of absorbed dodeve been sodium in refluxing toluen& Chlorosilane was purchased
studied for several kinds of ion and electron beams. Agiki from Shin-Etsu Chemical Inc. and distilled prior to use. Frac-
al.5 examined the relationship between differen@alvalues tional precipitations were repeated more than 5 times to sup-
of crosslinking in PS and stopping power, and proposedress polydispersity. The molecular weights of PMPS and
some effects of large linear energy transfeET; energy PDHS samples were measured by gel permeation chroma-
deposition of an incident particle per unit lengtion  tography(GPQ with tetrahydrofuran(THF) as the eluent.
crosslinking reactions in PS. Sedd al'? reported that th&  The PMPS and PDHS samples had molecular weights of
values of crosslinking became larger as the LET of radiatiorMn=1.1x 10* and 4.8< 10*, Mw/Mn< 1.2, respectively, as
increases, and attributed these phenomena to “LET effectsdetermined by polystyrene calibration standards.
The ion track radius is also an important parameter because The polymer samples were dissolved in toluene and spin
the energy of the incident ion is deposited in a defined aregoated on Si wafers to thicknesses of 0.03—@m. The
and the spatial distribution of energy deposited by chargegamples were then irradiated with keV-order ion beams in a
ions has been suggested to play a significant role in chemicaiacuum chambef<1078 Torr) at room temperature using a
reactionst*-16 Sekiet al, 11" Koizumi et al1®%and Liccia- JEOL JIBL-100L or Seiko Instruments Inc. SMI-2050 fo-
rdello and Pugli$i® elucidated the relationship between the cused ion beam microscope. After irradiation, all samples
radiation effects of ion beam bombardment and the chemicaliere developed in toluene for 2 min. The irradiated part of
core radius in an ion track. The crosslinking reactions withinthe film, where gel was generated, was insoluble in toluene.
the defined area in particular have a cylindrical nanostrucFilms were dried under vacuum for 30 min and measured
ture, and our group has reported nanowire formation basedsing a surface profilefSE-2300, Kosaka Laboratorand
on this feature through MeV-order ion beam irradiationby atomic force microscopyAFM: SPI-3800, Seiko Instru-

1098-0121/2004/104)/1442038)/$22.50 70144203-1 ©2004 The American Physical Society



SEKI et al. PHYSICAL REVIEW B 70, 144203(2004)

Fluence (ions / cm?) G(x) =4.8x 10°q, (3
1012 1013 10
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Y ' . G(s)=9.6x 10°p, (4)
:iﬂ,s o . Whgre G()_() and Q(s? are theG val_ues of crossllin.king and
08 = PDHS O O ] main-chain  scission, respectively. Radiation-induced
r S e ] crosslinking behavior has been formulated by many groups
I o0 | considering the molecular weight distribution and/or molecu-
06 L o lar stiffness of the polymer target. The problem of the change
' o U ] in the molecular weight distribution with irradiation was

P «© 1 solved by Saité#3tand Inokuti®?33In their theory, molecu-

[ ] lar weight distributions are expanded by the Poisson and/or
04 I @] tl T Schulz-Zimm distributions, and the changes in the distribu-
¢

deo

Gel fraction

tion due to simultaneous reactions of main-chain scission

and crosslinking are traced analytically. However in the

oz L o 4 present case, the molecular weight distributions of the target
L O 9 . polymers are reasonably controlled to be less than 1.2, and

@ . the initial distributions are predicted not to play a crucial role

] in gelation. The effects of molecular stiffness on the

crosslinking reactions were considered by Zhaigal. as

follows:34
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. D(s+s)=—+—DF, (5)
FIG. 1. Absorbed dose dependence of gel fraction for 100 keV qu, 9

Ga ion beam irradiation.

B=0.00r, +0.206, (6)
ments. Inc.. The gel fraction was defined as the ratio of the . ) -
thickness after irradiation to that before. wherea is a constant] is the glass transition temperature

The loss of kinetic energy of ions traversing the polymer©f the target polymers, and, is the initial weight average
films was estimated using SRIM 2000 ccdeThe apparent degree of polymerization. The simultaneous change in the
crosslinking G values were calculated by the Cha”esby_molecular weight distribution due to radiation-induced reac-
Pinner equation. InfrarelR) spectra were measured for the tions also results in a nonlinearity of the Charlesby-Pinner
irradiated PMPS sample using a Fourier transform(FR- relationship. The following equations are therefore proposed

IR) spectromete(Spectrum-2000, Perkin Elmer to extend the validity of the relationship by introducing a
deductive distribution function of molecular weight on the

basis of an arbitrary distributio#?:

S+Sl/2: p/q+ (2 _p/Q)(DV_ Dg)

After irradiation of PS, PMPS, and PDHS films with (Dy-D)

100 keV Ga ion beams, the gelation of the polymers was

observed. Figure 1 plots the gel fraction of the polymers D _4<__i>/3 ®)

against the absorbed dose. According to the statistical theory v ud, Uy, q

of crosslinking and scission of the polymers induced by ra-

diation, the behavior of gelation can be described by thavhereDy is the gelation dose, andis the degree of poly-

following equation(Charlesby-Pinner relationship’—2° merization. The values df for PS and PMPS are 375 and
393 K, respectively, whereas PDHS exhibits a liquid crystal-

1) line transition temperature at 313 K. This suggests that Eq.
(5) is not effective for comparing the crosslinkiig values
obtained for PS and PMPS, despite the stronger effect on the

Ill. RESULTS AND DISCUSSION

A. Calculation and comparison of crosslinkingG values

, ()

s+s?=plq+ EMHD, s=1-g,

LET value of PDHS. The persistence length of the polymer chains
D=—mmne, (2)  are almost identicdlPS, 0.9 nn¥® PMPS, 1.1 nn(Ref. 37,
p directly reflecting the molecular stiffness of the target poly-

wherep is the probability of scissior is the probability of ~mers and supporting the consistency of Ed3.and(5) for
crosslinking,s is the sol fractiong is the gel fractionmis  the determination oG values in PS and PMPS, although Eq.
the molecular weight of the unit monoméf,, is the number (1) may give misleading values for PDHfpersistence
average molecular weight before irradiatidd, is the ab- length, 3.0 nmm The values of5(x) for PS and PMPS were
sorbed doseg is the charge of an electron,is the fluence, calculated based using both E¢¥) and(7) for 100 keV Ga
andp is the density of target materials. Tevalue is related ion beams. The equations give similar values3¢x) for PS

to the values op andq as follows: (0.09 and 0.11and PMPS0.032 and 0.036 suggesting that
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0.25 TABLE |. Crosslinking G values for PMPS, PDHS, and PS
irradiated with 100 keV Ga and 2 MeV He ion beams.
02 F 2 MeV N*
’ 2 MeV He* 9 G(x) for 100 keV Ga G(x)2 for MeV-order
—~ o ion beams
s 0BT PMPS 0.032 0.15
8 2 MeV H*
= o PDHS 0.01 0.40
= or 30kev63’keve' 200 keV Au PS 0.09 18
© 200 ke Si 3G(x) is scaled by previous studies for PMPEef. 12, PDHS(Ref.
005 \. 17), and PS(Ref. 5).
30keV G 100 keV G4
¥ - rays a\)‘/
oL e TSN L Si1= S+ ol1-(SY9)], 9
0l ! 10 100 1000 whereSandS, denote the total volume of the polymer films,
LET (eV/nm) and the total volume of the chemical cores. As the polymer
_ o films used in this experiment were sufficiently thin to allow

estimated as the ratio of the area covered by the chemical
the Charlesby-Pinner relationship is sufficiently linear in thecores to that of the film surface. Equati¢® leads to the

high-dose region, as shown in Fig. 1. following expression:
On the basis of the Charlesby-Pinner relationship, the ap- _ n
parentG values for 30, 50, and 100 keV Ga, 200 keV Si, and $=S-(1-0l9". (10)

200 keV Au ion beams are compared with those for MeVEgr s=1 cn?, this becomes
order ion beams of the same LET in Fig. 2 and Tabeft

is clear that the apparent crosslinkiGgvalues for keV-order S$=1-(1-0)", (11
ion beams are clearly lower than those for MeV-order ion
beams. All the low-energy ion beams give valuesGik) 1-S5,=(1-0)", (12

~0.03-0.04, one order of magnitude lower than those ob-

- . T wheren is the fluence per cfn
served for high-energy ion beams with similar LET. Equation(12) then gives the following forma83°

B. IR spectra for PMPS 1-S,=exg-no), o<1, (13)
The IR spectra for PMPS films changed due to irradiation
with 100 keV Ga ion beams, as shown in Fig. 3. Relatively 1-S,=1-no, no<1 (14)
sharp features in the spectra became broader upon irradia- ' '
tion. The broadening of peald) may be due to oxidation, Figures 4a) and 4b) show the increase in gel formation with
which is likely for the siloxane structure. An increase in theD (MGy) and the variation in the sol fraction against
broad signal at 800 cf reflects the formation of a three- n (ions/cn®). The sol fraction decreases exponentially with
dimensional Si-C structure. The intensity of peé®sand(3)  fluence of the 2 MeV He ion beam, in contrast to the mono-
and decreased after irradiation, indicating the dissociation afonic decrease seen for the 100 keV Ga ion beam, attribut-
methyl and phenyl substituents from the polymer backbon@ble to the minimal overlap of the chemical cores at these
as supported by the decrease in the intensity of pdak fluences. Using Eqg9) and(10), the experimental data can
which correspond to the C-H stretching of methyl and phenybe fitted for the sol fraction to give the sections of the chemi-
substituents. An increase in the band at 2000%cia as- cal core for 2 MeV He and 100 keV Ga ion beams. The
cribed to an increase in the number of Si-H bonds as a resutialculated radii for PMPS are 3.5 nm for the 2 MeV He ion
of main-chain scission leaving hydrogen-terminated chairbeam and 0.5 nm for the 100 keV Ga ion beam, and 4.2 nm
ends. These changes in the IR spectra after irradiation with and 0.7 nm for PDHS, respectively. The values are in good
100 keV Ga ion beam are similar to those induced by irra-agreement with those reported by Sekal1%'”and Papaleo
diation with a 2 MeV He ion beam as reported previodsly. et al.3® The experimental results are also supported by the-
Hence, the reaction scheme for 100 keV Ga ion-beam irraeretical studies on ion tracks and chemical core radii, which
diation is considered to be analogous of that for a 2 MeV Hehave shown that the radius of the penumbra area for keV-
ion beam, suggesting that the drastic decrease in appareoitder ion beams is very small in comparison with that of
G(x) is not caused by the difference in the radiation-inducedVieV-order ion beams, as described befdw.

reactions.

C. Calculation and comparison of ion track radius D. Gelation and track radius

The following equation describes the ratio of the total The density of reactive intermediates controls the
area covered by the cross sectigo$ of the chemical core in  crosslinking reaction in PMPS, as supported by the presence
ion tracks: of a LET thresholdca. 10 eV/nm, to afford a polymer gel.
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FIG. 3. IR spectra of PMPS before and after irradiation with 100 keV Ga ion beam at 18.8®&y 102 ions/cn?).

Seki et al. reported that the apparent crosslinking reactionsponsible for the gel fraction. The cylindrical shape of the
are mainly promoted by side-chain dissociated silyl radicalschemical core can also be visualized by AFM, as shown in
and found that the predominant reaction is determined by th€ig. 6. The polymer molecules in the chemical cores cer-
radical concentration in the ion tracks?-4?Thus, the dis- tainly become insoluble, and remain on the substrate after
tribution of crosslinking points in an ion track is expected toremoval of the nonirradiated part by solvent washing.

reflect the radial energy density, whesg is the critical en- Equations(15) and (16), however, are based on a Born
ergy density for the predominance of crosslinking in PMPS approximation for the collision of incident particles with tar-
The present values of radii are larger than that the core sizget atoms and/or electrofilt is apparent that this approxi-
suggested by theoretical consideratiéhéccording to the  mation is not adequate for collision events involving incident
theory, the following formulas give the coaxial energy in anparticles of lower velocity(v) than the orbital velocity of

ion track#344 electrons in the target materi@l,y). The value ofv, in the
LET LET N present target materials is given approximately by
pe=—Lmr 2+ —{Zwrcz In(el’zi)} L r=<r,, &2
2 2 re —Z 523
Upo— Z ’ (17)
(15) h

LET e where Z is the average atomic number7of thle target. The
_ ==t 2 1/2!p value ofv for the present target is 1>610" ms ™+, which is

po(r) = 2 {Zwr In(e )} P fe<r=fp (16 almost comparable to the value offor 100 keV Ga ions

(4.4x 10° mst), suggesting that it is necessary to use the

andr_ are the radii of core and penumbra area, arid an extended theory for stopping power calculations. A universal
p <= . o . model of the stopping poweS) for incident charged par-

exponential factor. The values qf. for irradiation with ic| f lated by Lindharet al. as follows

100 keV Ga and 2 MeV He ion beams are estimated to bgc es was lormulated by L ' ws.

le

wherep, is the deposited energy density in the core arga,

1.3x 10" and 3.3 10%, respectively. Figure 5 shows the ion 4772
track models for these two ion beams. At the center part of S= 2 NL, (18)
the ion tracks, the number of crosslinking points is predicted Me

to be much larger than the number needed to form polymer e

gels by irradiation with a 100 keV Ga ion beam. However, 1 dk 1

the energy deposited belogy, within the ion track by the L=—1Im J —f wdw<—) , (19
100 keV Ga ion beam is much lower than that by the 2 MeV Wy A k 2o x(k @)

He ion beam, and the volume of gel is much lower, indicat-

ing lower apparent crosslinkinG values. Thus, in irradia- wherem, is the mass of an electrolN is the number of
tion with an ion beam, the size of the chemical track is re-electrons per unit volumes is the dielectric constant of the
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FIG. 4. (a) Relationship between gel fraction
and absorbed dose for 2 MeV He ion beam and
100 keV Ga ion beam irradiation to PMP&)
Relation between sol fraction and fluence for
2 MeV He ion beam and 100 keV Ga ion beam
irradiation to PMPS.

target, andw, is the plasma oscillation frequency, which is (PMPS, density=1.05 g cm) and 100 keV Ga ion beam of

given by

2_ 4aNe

. 20
= (20

w

ca. 8 eV. This value is almost equivalent to the ionization
potential of PMPS5.5 eV), indicating an ultralow range of
ejected electrons from the molecules and no penumbra area
in the track of the 100 keV Ga ion beam. Firseval. also

Based on Eqs(18)—<(20), numerical integration gives an av- suggested the following equations for estimating the energy
erage excitation energyE,,) for the present target material loss of incident low-energy particles in a collision evéht:
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0.7(Z, + Z,)%3(ve?lh) molecules, andr’is the differential radius determined by the
AE= ERl +0.16Z, + Z) Y ulag)’ (21) diffusion of reactive intermediates and the reaction rate con-

stants. On the basis of the very Id&y, andAE given by Egs.

whereEg is the Rydberg energyg is the Bohr radiusZ;  (18)—«21), the obtained values ef in the present study sug-
andZ, are the mass of the incident and target atomsaigl  gest adr’ value of 0.5—0.7 nm. Despite the large difference
the collision factor. This equation also gives a valueA®& in the structure and the reactivity of PS, PDHS, and PMPS,
~10 eV in the present case. the values ofr'for the two targets are almost identical, sug-

The present results illustrate tha{chemical core radiys  gesting that the values can be regarded as a constant. For gel
is determined more by the diffusion of reactive intermediategormation in a polymer system, it is necessary to introduce
from the center part of the tracks than the initial spatial dis-one crosslink per polymer molecule. Assuming a sole contri-
tribution of the deposited energy by secondary electrons iution from the crosslinking reactions in the chemical core,
the case of incident ions with velocity comparablegaqFig.  p., is given by
5). This is also supported by the IR spectra, which indicated
Si-C ceramic formation upon irradiation with 100 keV Ga _ 100A
ion beams. The conversion ratio reached 40%-50% at Per™ Gmk’
40 MGy, where the gel fraction reaches 100%. This suggests ) , .
that an extremely high energy density at the center of the io¥/N€reA is Avogadro’s number, anklis the degree of poly-
track causes the formation of an Si-C ceramic structurdnerization. Substitution opy(r) in Eq. (16) with pg gives
rather than a simple crosslinking of polymer molecdfegle  the following requirement for’:

(24)

previously proposed the following simple forms of E@3) . 1/2 -1
to trace the gel fraction formed by ion beams having a rela- r'2= LET G(x)mk{lr](e rp” . (25)
tively large radial distribution in an ion track: 400mpA re

g=1-exf-na(r' + &), (22) Equations(23) and (25) provide good interpretations of

the values ofr, reported by direct AFM observatiéh??23

., , and by tracing the gel fractidh'”1%2for several kinds of
Fee=1"+ar", (23) polymer targets and high-energiveV orden ion beams

Here,r. is the overall radius of the chemical coré,is the  with sufficiently large penumbra arga,> ~10 nm. The

chemical core radius determined by the initial energy densitgpredominant factor determining the chemical core size is

of deposited energy in an ion track and the size of the targgherefore chemical reactions at the boundary surface of the

Single Ion Si-C ceramics structure
é Crosslinked polysilane

FIG. 6. AFM image of chemical cores formed
in 100 nm thick PMPS thin film by irradiation
with a 2 MeV He beam. The structures are ob-
served after 2 min washing with benzene to com-
pletely dissolve PMPS.
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core, even in the case of low-energy ion beams. Thus, wsion of reactive intermediates from the center part of the
believe that ion beams with a variety of energies from keV totracks, although the chemical reactions at the boundary sur-
GeV are suitable for single-particle fabrication with face of the core represents the dominant factor determining
subnanometer-scale spatial resolution. the chemical core sizes even for keV-order ion beams. A new
formulation that provides a good explanation of the chemical
core radius was also proposed. These results demonstrate
IV. CONCLUSIONS that a well-defined chemical core produced by an appropriate
ion beam may be applicable for the fabrication of single

The apparent crosslinkings values of keV-order ion \
\/partlcles.

beams were calculated and compared with those of Me
order ion beams, and shown to be dramatically lower. As the
ion track radius was found to be smaller, this decrease in
crosslinkingG value does not appear to be due to differences The authors thank Professor H. Shibata, Graduate School
in the reaction mechanism, with the volume of gel simplyof Engineering, Kyoto University and Dr. Y. Kunimi of the
decreasing proportionally to the shortening of the ion trackSIR, Osaka University for valuable discussion. This work
radius. The chemical core sizes formed by keV-orGer was supported in part by a Grant-in-Aid for scientific re-
~uvg) ion beams were found to be determined by the diffu-search from the Japan Society for the Promotion of Science.
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