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Gelation in polystyrene, poly(methylphenylsilane), and poly(di-n-hexylsilane) 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 apparentG values of crosslinking(crosslinks per 100 eV absorbed dose)
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 crosslinkingG value 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

In recent years, ion implantation of polymers and organic
materials has attracted great attention as a means of altering
the physical and chemical properties of these materials.1,2

Ion bombardment induces structural damage in polymeric
materials with enhanced(positive-tone) or reduced
(negative-tone) solubility in a solvent.3 Ion irradiation of
polymers can be applied to ion beam lithography, and spatial
resolutions comparable to electron beam and x-ray lithogra-
phy can be achieved.4

Aoki et al.,5 Puglisi et al.,6 Calcagnoet al.,7 and Liccia-
rdello et al.8,9 have reported the effects of ion beam bom-
bardment on polystyrene(PS) as a prototype polymer. Pol-
ysilane derivatives have also attracted great interest recently
as a new category of polymer materials,10,11 and the effects
of ion beam irradiation of polysilanes have been
reported.12,13 The radiation sensitivity of polymers, particu-
larly the G values of chain scission and crosslinking(i.e.,
number of crosslinks/100 eV of absorbed dose), have been
studied for several kinds of ion and electron beams. Aokiet
al.5 examined the relationship between differentialG values
of crosslinking in PS and stopping power, and proposed
some effects of large linear energy transfer(LET; energy
deposition of an incident particle per unit length) on
crosslinking reactions in PS. Sekiet al.12 reported that theG
values of crosslinking became larger as the LET of radiation
increases, and attributed these phenomena to “LET effects.”
The ion track radius is also an important parameter because
the energy of the incident ion is deposited in a defined area,
and the spatial distribution of energy deposited by charged
ions has been suggested to play a significant role in chemical
reactions.14–16Seki et al.,16,17 Koizumi et al.18,19 and Liccia-
rdello and Puglisi8,9 elucidated the relationship between the
radiation effects of ion beam bombardment and the chemical
core radius in an ion track. The crosslinking reactions within
the defined area in particular have a cylindrical nanostruc-
ture, and our group has reported nanowire formation based
on this feature through MeV-order ion beam irradiation

of thin films of several kinds of crosslinking-type
polymers.20–23

In this paper, the crosslinkingG values induced by keV-
order ion beams are compared with those resulting from
MeV-order ion beam irradiation. The relationship between
the crosslinkingG value and the chemical core radius in an
ion track is discussed, and a new formulation of polymer
gelation induced by ion beams is proposed.

II. EXPERIMENT

Polystyrene (PS: Mn=1.03104, Mw/Mn=1.04) was
purchased from Aldrich Chemical Co. Ltd., and used without
further purification. Poly(methylphenylsilane) (PMPS) was
prepared by reaction of methlphenyldichlorosilane with so-
dium in refluxing toluene.24 Poly(di-n-hexylsilane) (PDHS)
was prepared by reaction of di-n-hexyldichlorosilane with
sodium in refluxing toluene.25 Chlorosilane was purchased
from Shin-Etsu Chemical Inc. and distilled prior to use. Frac-
tional precipitations were repeated more than 5 times to sup-
press polydispersity. The molecular weights of PMPS and
PDHS samples were measured by gel permeation chroma-
tography (GPC) with tetrahydrofuran(THF) as the eluent.
The PMPS and PDHS samples had molecular weights of
Mn=1.13104 and 4.83104, Mw/Mn,1.2, respectively, as
determined by polystyrene calibration standards.

The polymer samples were dissolved in toluene and spin
coated on Si wafers to thicknesses of 0.03–0.1mm. The
samples were then irradiated with keV-order ion beams in a
vacuum chambers,10−8 Torrd at room temperature using a
JEOL JIBL-100L or Seiko Instruments Inc. SMI-2050 fo-
cused ion beam microscope. After irradiation, all samples
were developed in toluene for 2 min. The irradiated part of
the film, where gel was generated, was insoluble in toluene.
Films were dried under vacuum for 30 min and measured
using a surface profiler(SE-2300, Kosaka Laboratory) and
by atomic force microscopy(AFM: SPI-3800, Seiko Instru-
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ments. Inc.). The gel fraction was defined as the ratio of the
thickness after irradiation to that before.

The loss of kinetic energy of ions traversing the polymer
films was estimated using SRIM 2000 code.26 The apparent
crosslinking G values were calculated by the Charlesby-
Pinner equation. Infrared(IR) spectra were measured for the
irradiated PMPS sample using a Fourier transform IR(FT-
IR) spectrometer(Spectrum-2000, Perkin Elmer).

III. RESULTS AND DISCUSSION

A. Calculation and comparison of crosslinkingG values

After irradiation of PS, PMPS, and PDHS films with
100 keV Ga ion beams, the gelation of the polymers was
observed. Figure 1 plots the gel fraction of the polymers
against the absorbed dose. According to the statistical theory
of crosslinking and scission of the polymers induced by ra-
diation, the behavior of gelation can be described by the
following equation(Charlesby-Pinner relationship),27–29

s+ s1/2 = p/q +
m

q
MnD, s= 1 −g, s1d

D =
LET

r
ne, s2d

wherep is the probability of scission,q is the probability of
crosslinking,s is the sol fraction,g is the gel fraction,m is
the molecular weight of the unit monomer,Mn is the number
average molecular weight before irradiation,D is the ab-
sorbed dose,e is the charge of an electron,n is the fluence,
andr is the density of target materials. TheG value is related
to the values ofp andq as follows:

Gsxd = 4.83 103q, s3d

Gssd = 9.63 103p, s4d

whereGsxd and Gssd are theG values of crosslinking and
main-chain scission, respectively. Radiation-induced
crosslinking behavior has been formulated by many groups
considering the molecular weight distribution and/or molecu-
lar stiffness of the polymer target. The problem of the change
in the molecular weight distribution with irradiation was
solved by Saito30,31 and Inokuti.32,33 In their theory, molecu-
lar weight distributions are expanded by the Poisson and/or
Schulz-Zimm distributions, and the changes in the distribu-
tion due to simultaneous reactions of main-chain scission
and crosslinking are traced analytically. However in the
present case, the molecular weight distributions of the target
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 Zhanget al. as
follows:34

Dss+ s1/2d =
2

quw
+

a

q
Db, s5d

b = 0.002Tg + 0.206, s6d

wherea is a constant,Tg is the glass transition temperature
of the target polymers, anduw is the initial weight average
degree of polymerization. The simultaneous change in the
molecular weight distribution due to radiation-induced reac-
tions also results in a nonlinearity of the Charlesby-Pinner
relationship. The following equations are therefore proposed
to extend the validity of the relationship by introducing a
deductive distribution function of molecular weight on the
basis of an arbitrary distribution:35

s+ s1/2 = p/q +
s2 − p/qdsDV − Dgd

sDV − Dd
, s7d

Dv = 4S 1

uun
−

1

uw
D/3q, s8d

whereDg is the gelation dose, andu is the degree of poly-
merization. The values ofTg for PS and PMPS are 375 and
393 K, respectively, whereas PDHS exhibits a liquid crystal-
line transition temperature at 313 K. This suggests that Eq.
(5) is not effective for comparing the crosslinkingG values
obtained for PS and PMPS, despite the stronger effect on the
value of PDHS. The persistence length of the polymer chains
are almost identical[PS, 0.9 nm;36 PMPS, 1.1 nm(Ref. 37)],
directly reflecting the molecular stiffness of the target poly-
mers and supporting the consistency of Eqs.(1) and (5) for
the determination ofG values in PS and PMPS, although Eq.
(1) may give misleading values for PDHS(persistence
length, 3.0 nmm). The values ofGsxd for PS and PMPS were
calculated based using both Eqs.(1) and(7) for 100 keV Ga
ion beams. The equations give similar values ofGsxd for PS
(0.09 and 0.11) and PMPS(0.032 and 0.036), suggesting that

FIG. 1. Absorbed dose dependence of gel fraction for 100 keV
Ga ion beam irradiation.
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the Charlesby-Pinner relationship is sufficiently linear in the
high-dose region, as shown in Fig. 1.

On the basis of the Charlesby-Pinner relationship, the ap-
parentG values for 30, 50, and 100 keV Ga, 200 keV Si, and
200 keV Au ion beams are compared with those for MeV
order ion beams of the same LET in Fig. 2 and Table I.12,13It
is clear that the apparent crosslinkingG values for keV-order
ion beams are clearly lower than those for MeV-order ion
beams. All the low-energy ion beams give values ofGsxd
,0.03–0.04, one order of magnitude lower than those ob-
served for high-energy ion beams with similar LET.

B. IR spectra for PMPS

The IR spectra for PMPS films changed due to irradiation
with 100 keV Ga ion beams, as shown in Fig. 3. Relatively
sharp features in the spectra became broader upon irradia-
tion. The broadening of peak(4) may be due to oxidation,
which is likely for the siloxane structure. An increase in the
broad signal at 800 cm−1 reflects the formation of a three-
dimensional Si-C structure. The intensity of peaks(2) and(3)
and decreased after irradiation, indicating the dissociation of
methyl and phenyl substituents from the polymer backbone
as supported by the decrease in the intensity of peak(1),
which correspond to the C-H stretching of methyl and phenyl
substituents. An increase in the band at 2000 cm−1 is as-
cribed to an increase in the number of Si-H bonds as a result
of main-chain scission leaving hydrogen-terminated chain
ends. These changes in the IR spectra after irradiation with a
100 keV Ga ion beam are similar to those induced by irra-
diation with a 2 MeV He ion beam as reported previously.12

Hence, the reaction scheme for 100 keV Ga ion-beam irra-
diation is considered to be analogous of that for a 2 MeV He
ion beam, suggesting that the drastic decrease in apparent
Gsxd is not caused by the difference in the radiation-induced
reactions.

C. Calculation and comparison of ion track radius

The following equation describes the ratio of the total
area covered by the cross sectionsssd of the chemical core in
ion tracks:

Sn+1 = Sn + sf1 − sSn/Sdg, s9d

whereSandSn denote the total volume of the polymer films,
and the total volume of the chemical cores. As the polymer
films used in this experiment were sufficiently thin to allow
the ion tracks to be regarded as cylindrical,Sn/S can be
estimated as the ratio of the area covered by the chemical
cores to that of the film surface. Equation(9) leads to the
following expression:

Sn = S− s1 − s/Sdn. s10d

For S=1 cm2, this becomes

Sn = 1 − s1 − sdn, s11d

1 − Sn = s1 − sdn, s12d

wheren is the fluence per cm2.
Equation(12) then gives the following forms:38,39

1 − Sn = exps− nsd, s ! 1, s13d

1 − Sn = 1 −ns, ns ! 1. s14d

Figures 4(a) and 4(b) show the increase in gel formation with
D (MGy) and the variation in the sol fraction against
n sions/cm2d. The sol fraction decreases exponentially with
fluence of the 2 MeV He ion beam, in contrast to the mono-
tonic decrease seen for the 100 keV Ga ion beam, attribut-
able to the minimal overlap of the chemical cores at these
fluences. Using Eqs.(9) and(10), the experimental data can
be fitted for the sol fraction to give the sections of the chemi-
cal core for 2 MeV He and 100 keV Ga ion beams. The
calculated radii for PMPS are 3.5 nm for the 2 MeV He ion
beam and 0.5 nm for the 100 keV Ga ion beam, and 4.2 nm
and 0.7 nm for PDHS, respectively. The values are in good
agreement with those reported by Sekiet al.16,17and Papaleo
et al..39 The experimental results are also supported by the-
oretical studies on ion tracks and chemical core radii, which
have shown that the radius of the penumbra area for keV-
order ion beams is very small in comparison with that of
MeV-order ion beams, as described below.14

D. Gelation and track radius

The density of reactive intermediates controls the
crosslinking reaction in PMPS, as supported by the presence
of a LET threshold(ca. 10 eV/nm), to afford a polymer gel.

TABLE I. Crosslinking G values for PMPS, PDHS, and PS
irradiated with 100 keV Ga and 2 MeV He ion beams.

Gsxd for 100 keV Ga Gsxda for MeV-order
ion beams

PMPS 0.032 0.15

PDHS 0.01 0.40

PS 0.09 1.8

aGsxd is scaled by previous studies for PMPS(Ref. 12), PDHS(Ref.
17), and PS(Ref. 5).

FIG. 2. Semilogarithmic plot of calculatedGsxd vs LET.
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Seki et al. reported that the apparent crosslinking reactions
are mainly promoted by side-chain dissociated silyl radicals,
and found that the predominant reaction is determined by the
radical concentration in the ion tracks.17,40–42Thus, the dis-
tribution of crosslinking points in an ion track is expected to
reflect the radial energy density, wherercr is the critical en-
ergy density for the predominance of crosslinking in PMPS.
The present values of radii are larger than that the core size
suggested by theoretical considerations.14 According to the
theory, the following formulas give the coaxial energy in an
ion track:43,44

rc =
LET

2
fprc

2g−1 +
LET

2
F2prc

2 lnSe1/2rp

rc
DG−1

, r ø rc,

s15d

rpsrd =
LET

2
F2pr2 lnSe1/2rp

rc
DG−1

, rc , r ø rp, s16d

whererc is the deposited energy density in the core area,rc
and rp are the radii of core and penumbra area, ande is an
exponential factor. The values ofrc for irradiation with
100 keV Ga and 2 MeV He ion beams are estimated to be
1.33107 and 3.33102, respectively. Figure 5 shows the ion
track models for these two ion beams. At the center part of
the ion tracks, the number of crosslinking points is predicted
to be much larger than the number needed to form polymer
gels by irradiation with a 100 keV Ga ion beam. However,
the energy deposited belowrcr within the ion track by the
100 keV Ga ion beam is much lower than that by the 2 MeV
He ion beam, and the volume of gel is much lower, indicat-
ing lower apparent crosslinkingG values. Thus, in irradia-
tion with an ion beam, the size of the chemical track is re-

sponsible for the gel fraction. The cylindrical shape of the
chemical core can also be visualized by AFM, as shown in
Fig. 6. The polymer molecules in the chemical cores cer-
tainly become insoluble, and remain on the substrate after
removal of the nonirradiated part by solvent washing.

Equations(15) and (16), however, are based on a Born
approximation for the collision of incident particles with tar-
get atoms and/or electrons.45 It is apparent that this approxi-
mation is not adequate for collision events involving incident
particles of lower velocitysvd than the orbital velocity of
electrons in the target materialsv0d. The value ofv0 in the
present target materials is given approximately by

v0 =
e2

"
Z2/3, s17d

where Z is the average atomic number of the target. The
value ofv0 for the present target is 1.63107 ms−1, which is
almost comparable to the value ofv for 100 keV Ga ions
s4.43106 ms−1d, suggesting that it is necessary to use the
extended theory for stopping power calculations. A universal
model of the stopping powersSd for incident charged par-
ticles was formulated by Lindhardet al. as follows:46

S=
4pZ2e4

mev
2 NL, s18d

L =
1

pvp
Im3E

0

`

dk

k
E
−kv

kv

v dvS 1

ksk,vdD4 , s19d

where me is the mass of an electron,N is the number of
electrons per unit volume,k is the dielectric constant of the

FIG. 3. IR spectra of PMPS before and after irradiation with 100 keV Ga ion beam at 18.8 MGys9.431013 ions/cm2d.
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target, andvp is the plasma oscillation frequency, which is
given by

vp
2 =

4pNe2

me
. s20d

Based on Eqs.(18)–(20), numerical integration gives an av-
erage excitation energysEavd for the present target material

(PMPS, density=1.05 g cm−3) and 100 keV Ga ion beam of
ca. 8 eV. This value is almost equivalent to the ionization
potential of PMPSs5.5 eVd, indicating an ultralow range of
ejected electrons from the molecules and no penumbra area
in the track of the 100 keV Ga ion beam. Firsovet al. also
suggested the following equations for estimating the energy
loss of incident low-energy particles in a collision event:47

FIG. 4. (a) Relationship between gel fraction
and absorbed dose for 2 MeV He ion beam and
100 keV Ga ion beam irradiation to PMPS.(b)
Relation between sol fraction and fluence for
2 MeV He ion beam and 100 keV Ga ion beam
irradiation to PMPS.
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DE = ER
0.7sZ1 + Z2d5/3sve2/"d

1 + 0.16sZ1 + Z2d1/3sm/aBd
, s21d

whereER is the Rydberg energy,aB is the Bohr radius,Z1
andZ2 are the mass of the incident and target atoms, andm is
the collision factor. This equation also gives a value ofDE
,10 eV in the present case.

The present results illustrate thats (chemical core radius)
is determined more by the diffusion of reactive intermediates
from the center part of the tracks than the initial spatial dis-
tribution of the deposited energy by secondary electrons in
the case of incident ions with velocity comparable tov0 (Fig.
5). This is also supported by the IR spectra, which indicated
Si-C ceramic formation upon irradiation with 100 keV Ga
ion beams. The conversion ratio reached 40%–50% at
40 MGy, where the gel fraction reaches 100%. This suggests
that an extremely high energy density at the center of the ion
track causes the formation of an Si-C ceramic structure
rather than a simple crosslinking of polymer molecules.48 We
previously proposed the following simple forms of Eq.(13)
to trace the gel fraction formed by ion beams having a rela-
tively large radial distribution in an ion track:17

g = 1 − expf− npsr8 + dr8d2g, s22d

rcc = r8 + dr8. s23d

Here,rcc is the overall radius of the chemical core,r8 is the
chemical core radius determined by the initial energy density
of deposited energy in an ion track and the size of the target

molecules, anddr8is the differential radius determined by the
diffusion of reactive intermediates and the reaction rate con-
stants. On the basis of the very lowEav andDE given by Eqs.
(18)–(21), the obtained values ofs in the present study sug-
gest adr8 value of 0.5–0.7 nm. Despite the large difference
in the structure and the reactivity of PS, PDHS, and PMPS,
the values ofdr8for the two targets are almost identical, sug-
gesting that the values can be regarded as a constant. For gel
formation in a polymer system, it is necessary to introduce
one crosslink per polymer molecule. Assuming a sole contri-
bution from the crosslinking reactions in the chemical core,
rcr is given by

rcr =
100rA

Gsxdmk
, s24d

whereA is Avogadro’s number, andk is the degree of poly-
merization. Substitution ofrpsrd in Eq. (16) with rcr gives
the following requirement forr8:

r82 =
LET ·Gsxdmk

400prA
FlnSe1/2rp

rc
DG−1

. s25d

Equations(23) and (25) provide good interpretations of
the values ofrcc reported by direct AFM observation20,22,23

and by tracing the gel fraction16,17,19,21for several kinds of
polymer targets and high-energy(MeV order) ion beams
with sufficiently large penumbra areasrp. ,10 nmd. The
predominant factor determining the chemical core size is
therefore chemical reactions at the boundary surface of the

FIG. 5. Schematic energy diagram of energy
density for 2 MeV He ion beam and 100 keV Ga
ion beam.

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, we
believe that ion beams with a variety of energies from keV to
GeV are suitable for single-particle fabrication with
subnanometer-scale spatial resolution.

IV. CONCLUSIONS

The apparent crosslinkingG values of keV-order ion
beams were calculated and compared with those of MeV-
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
in the reaction mechanism, with the volume of gel simply
decreasing proportionally to the shortening of the ion track
radius. The chemical core sizes formed by keV-ordersv
,v0d ion beams were found to be determined by the diffu-

sion of reactive intermediates from the center part of the
tracks, although the chemical reactions at the boundary sur-
face of the core represents the dominant factor determining
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
that a well-defined chemical core produced by an appropriate
ion beam may be applicable for the fabrication of single
particles.
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