Chem. Mater2005,17,5789-5797 5789

Modification of Plasma-Polymerized Organosiloxane Films by
Irradiation with He *, Net, Ar*, and Kr™* lons

R. V. Gelamo, M. A. Bica de Moraes,* B. C. Trasferétand F. P. Rouxinol
Instituto de Fsica Gleb Wataghin, Unersidade Estadual de Campinas, 13.083-970, Campinas, SP, Brazil

C. U. Davanzo
Instituto de QUmica, Uniersidade Estadual de Campinas, 13.083-970, Campinas, SP, Brazil
Receied May 12, 2005. Résed Manuscript Receed July 25, 2005

The effects of ion irradiation on the composition, structure, compactness, and surface hardness of
polyorganosiloxane films synthesized by plasma-enhanced chemical vapor deposition were investigated
as a function of the ion mass and fluence. The films were obtained from a glow discharge plasma of a
hexamethyldisiloxane (HMDSG)O,—Ar mixture, and the irradiations were carried out with 170 keV
He", Nef, Arf, and Kr" ions at fluences betweenx 104 and 1x 10* cm™2. To characterize the film
elemental composition, two ion-beam analysis techniques were used: Rutherford backscattering
spectroscopy (RBS) and forward recoil spectroscopy (FRS). The ion-beam-induced hydrogen loss from
the films was significant. For the Hdrradiated samplesa H loss of about 50% with respect to the
pristine or unirradiated film was observed for the highest fluence. The surface hardness measurements,
performed with a nanoindenter, in films irradiated at a fluence ef 10' cm2 were 8.1, 6.0, 4.7, and
1.6 GPa for H&, Net, Art, and Krf, respectively. To examine the ion-induced structural transformations
in the films, infrared reflectiorrabsorption spectroscopy (IRRAS) was employed. From analysis of the
spectra of the irradiated samples several conclusions could be drawn. For example, as the ion fluence
increased, (i) the densities of methyl- and-8i-related groups changed, (ii) film disorder increased, and
(i) groups such as SiCH,—Si, and Si~-OH, which were not present in the pristine film, were formed
at lower fluences but disappeared when the latter attained their highest values. Furthermore, some of the
absorption peaks that appeared at low fluences and increased with increasing fluence strongly indicate
formation of carbon domains in the film. Finally, differences in the ion-induced modifications produced
by the different ion species were analyzed in terms of the electronic and nuclear collisions of the ions
traversing the film using the well-known SRIM simulation program.

1. Introduction In recent years much attention has been given to changes
in the tribological properties of Si-based polymers induced
by thermal treatment and ion irradiation. The latter has been
used to produce ceramic materials from precursors such as
polysiloxanes, polycarbosilanes, and polysilaz&iéslsu-

ally better improvement of compaction, hardness, and
chemical stability can be achieved with ion irradiation in
comparison to thermal treatment. While thermally treated
precursors can be totally carbon-depleted, in the ion-treated
ones the final carbon content is relatively high, forming
highly cohesive structures such as oxycarbide (SiOC) or
silicon carbonitride (SiCN). In fact, the hardness of some
ion-treated Si-based polymers can be much higher than that

Energetic ions may cause significant modifications in the
structure and composition of polymers, thus changing their
chemical and physical properties. In both C-basgand
Si-basef” polymers the effects of ion irradiation have been
intensively investigated for more than a decade. Motivations
for these studies include understanding the polymer
energetic ion interaction process and use of ion irradiation
to produce controllable changes in the polymer properties,
rendering the material useful to various technical applica-
tions&11

* Corresponding author. E-mail: bmoraes@ifi.unicamp.br.

T Present address: Departamento de’dPoliFederal, Superintefdeia of Sioz.lz
Regional no PiduSetor Tenico-Cientiico, Avenida Maranha, 1022/N, 64.000- .
010, Teresina, PI, Brazil. Thus far. conventlonal polymers hgve.been the target of
(1) Lee, E. H; Rao, G. R.; Mansur, L. KRIP 1996 4, 229. most studies on ion-induced modifications of polymers.

(2) Marletta, G.Nucl. Instr. Methods BL99Q 46, 295.
(3) Wang, Y.; Mohite, S. S.; Bridwell, L. B.; Giedd, R. E.; Sofield, C. J.

J. Mater. Res1993,8, 388. (8) Tath, A.; Khotimsky, V. S.; Bertd, |.; Marletta, G.J. Appl. Polym.
(4) Venkatesan, T.; Wolf, T.; Allara, D.; Wilkens, B. J.; Taylor, G. N. Sci 1996 60, 1883.

Appl. Phys. Lett1983 43, 934. (9) Nakao, A.; Kaibara, M.; lwaki, M.; Suzuki, Y.; Kusakabe, Murf.
(5) Pivin, J. C.; Colombo, P.; SorarG. D.J. Am. Ceram. So200Q 83, Interface Anal.1996 24, 252.

713. (10) Rick, D. M.; Schulz, J.; Deusch, Nucl. Instrum. Methods B997,
(6) Toth, A.; Bertdi, I.; Marletta, G.; Ferenczy, G. G.; Mohai, NNucl. 131, 149.

Instrum. Methods B996 116, 299. (11) Davenas, J.; Boiteux, G.; Bureau, J. M.; BrossouxAppl. Surf. Sci
(7) Shacham-Diamand, Y.; Finkman, E.; Pinkas, Y.; Moriya,Appl. 199Q 46, 330.

Phys. Lett 1991, 59, 2953. (12) Pivin, J. C.; Colombo, Rl. Mater. Sci 1997, 32, 6175.

10.1021/cm0510070 CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/19/2005



5790 Chem. Mater., Vol. 17, No. 23, 2005 Gelamo et al.

Modifications of plasma-deposited polymers,,iolymers surface selection rule applies to both strong and weak
produced by the plasma-enhanced chemical vapor depositioroscillators on a metal surface, it has important implications
(PECVD) technique, have been investigated to a much lesseifor detection of the former, causing not only signal enhance-
extent. Nevertheless, in these materials the ion-inducedments but also band shifts. At this point it is necessary to
changes in hardne&ssurface biocompatibility? and electri- bring to our discussion the notion that for one single
cal and optical propertiézare usually as remarkable as those vibrational transition two different modes exist, according
observed in their conventional counterparts. Typically, the to their means of propagation throughout a solid: the
thickness of plasma-deposited polymers ranges from tenthstransverse and longitudinal optical modes (TO and LO,
to about one micrometer. However, since the ion beams respectivelyf?>23 The splitting between their frequencies is
normally used in ion irradiation produce surface or near- termed LG-TO splitting ALo-to = VLo — V10, Wherev o
surface modifications not too far beyond a micrometer, and vro are the frequencies of the LO and TO modes,
plasma-deposited polymers can compete with conventionalrespectively) and is proportional to both the oscillator density

polymers as precursor materials for ion irradiation. and its strengt@? It is known that for weak oscillators, such
In this work polysiloxane films synthesized by PECVD as & C-H stretching, the frequencies of the TO and LO
from a hexamethyldisiloxane (HMDS©D,—Ar mixture modes are very close to each other afith-7o is not

were irradiated with 170 keV ions of widely different masses appreciable even for solids bearing a high density ef-C
(He™, Net, Arf, and Kr") at ion fluences®, in the range oscillators. On the other hand, the asymmetrical stretching
between 1x 10%and 1x 10 cm2. A detailed investigation ~ mode of high-strength oscillators such as-6i?>%" Ti—
of the changes in the film chemical structure was made by O,*°"*' and W-0% give rise to high LG-TO splittings. As
infrared spectroscopy as a function of ion mass and fluence.previously outlined, use of p-polarized light and oblique
To obtain a more complete picture of the ion-induced incidence intensifies the signal related to vibrations prefer-
transformations, the atomic composition was determined entially oriented perpendicular to the metal surface, which
using ion-beam analyses. Surface hardness and film com-means that an experiment carried out under these conditions
pactness measurements were also made and correlated witt$ able to detect LO modes, which is not possible in normal
the ion-beam and infrared data. or near-normal incident IR measurements. Such a phenom-
In studies of ion-induced structural modifications in €nON is known in the literature as the Berreman effect due

polymers, a fundamental parameter is the well-known linear {© the pioneering work of D. W. Berremah.

energy transfer density (LET), defined as the energy lost per In previous work we investigated the OO splitting
unit length by the ion as it traverses the polymer network. of Si—O-grouprelated bands in plasma polyméfg’ These
Several results reported in the literature are interpreted onstudies will be useful in the interpretation of several results
the basis of the two components of the total LET, namely, of the present work. To our knowledge, this is the first time
the electronic LET, (B/dx), and the nuclear LET, Edx),.6 the LO—TO splitting is used to investigate ion-irradiated Si-
This procedure is used in this work. Both LETs are simulated based polymer films.

using the SRIM computational prograrvhich is also used

to evaluate the projected range of the ions in the films. 2. Experimental Section

e iy, FIns vers syhsized by the PECYD e o
»ap MDSO—-0,—Ar mixture in a stainless steel vacuum chamber fitted

signal-to-noise ratio of the Sp.e.ctrqmeter, Wh'_Ch may partially with two circular electrodes capacitively connected to a 40 MHz
or totally preclude band identification. To avoid this problem, ower generator. The chamber was pumped by a 1%b Roots
agnql-enhancmg expenr_nental <_30nd|t'0n3 comprising P- pump, and the pressure was measured by a capacitance manometer.
polarized light and an oblique incidence angle were used to High-purity (better than 99.99%) oxygen and argon were introduced
obtain IR spectra with a high signal-to-noise ratio. Such into the chamber by means of precision mass flow meters. Since
conditions are well known and related to the metal surface
selection rul¢® Due to optical effects that are explained (22) Kittel, C. Introduction to Solid State PhysicZth ed.; John Wiley &
elsewheré?2! signal intensification brought about by these 23 SDonsr NevRv Ygrk, 1993- | o UL A Ketle. FIAGHST

e . . . . urman, R.; Fauvre, F.; Jayasooriya, U. A.; Ketlle, ryst.
conditions is related to detection of oscillators that vibrate Spectrosc. Red.987, 17, 431.
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HMDSO is a liquid at room temperature and atmospheric pressure,
a vaporization cell was used to introduce HMDSO vapor in the
chamber. The cell consists of a borosilicate tube containing the
liquid and is connected to the chamber through a precision gas-
metering valve. To keep the liqguid HMDSO at constant temperature
during vaporization, the bulb was immersed in a room-temperature
water bath. Since no mass flow meter was used with the cell, control
of the HMDSO admittance to the chamber was made with the
capacitance manometer. Using a mass flow-ratessure calibra-
tion curve previously obtained for the chamber, the HMDSO

pressure indicated by the manometer could be converted to mass

flow rate. All films were synthesized in batch depositions with up
to 12 substrates under the same conditions: HMDS9a6d Ar

flow rates of 4.0, 12.0, and 40.0 sccm, respectively, rf power of 35
W, and deposition time of 14 min. Because the deposition rate varies

according to the substrate position onto the substrate holder, the

film thicknesses varied between 280 and 310 nm.

lon irradiations were carried out with 170 keV HeNe™, Ar™,
and Kr" ions at fluences ranging from 10 to 1 x 10'% cm™2
using an ion implanter (Eaton GA-4R) of the Center of Semicon-
ductor Components (CCS) of the State University of Campinas.
The ion beam was set to sweep a %.5.5 cn? area on the sample
holder. Since the area of the substrates did not excee® Zn?,
the films were uniformly irradiated.

For film thickness measurements of the pristine samples a step
was created by partial removal of the film from the substrate using
a sharp needle. The height of the step, itkee film thicknesst,
was then determined using a high-resolution profile meter. The step
height was also measured after ion irradiation to determine film
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Figure 1. O/Si, C/Si, and H/Si atomic ratios as a function of ion fluence
for Het, Net, Art, and Kr" irradiations. The error bars were determined
by propagation of the errors in the areal densities of H, C, O, and Si.
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and p-polarized radiation, respectively. All spectra were referenced
to a bare Al-coated glass substrate.

Hardness measurements were made using a Nanoindenter Ils
(Nanoinstruments). The indentations were performed at peak
indentation loads ranging from 0.05 to 16 mN.

3. Results

3.1. Elemental Composition and Film Compactness.
The areal densities of C, O, Si, and H atoms were determined

thickness change induced by the latter. Film thickness values werefrom RBS and FRS spectra of the pristine and each of the
taken as the average of at least four measurements, performed inrradiated films. From these data the formula SiQid:; s was

different regions of the step. Using this procedure the errots in
ranged between 0.5% and 5%.
Elemental analyses of the films were made using Rutherford

determined for the pristine film, and the atomic ratios (H/
Si, C/Si, and O/Si) were calculated. The dependence of the
latter on the ion fluence is shown in Figure 1. The relatively

backscattering spectroscopy (RBS) and forward recoil spectroscopy|arge scattering of the data points is due to the low signal-

(FRS) at the Laboratory of Analysis of Materials by lon Beams
(LAMFI) of the Institute of Physics, University of ®&aulo, Brazil.
RBS was used to detect C, Si, and O using a beam of singly ionized
2.4 MeV helium atoms aligned normal to the film surface with
detection at 10 off-normal. Hydrogen was detected by FRS. A
2.0 MeV He' ion beam at an incidence angle of°80 the normal

of the film surface was employed with detection of the recoiling
H* ions at a forward angle of 7Go the normal. Before detection
the H' ions passed through a 6m Al foil (stopper) and a
collimating aperture. Single-crystal (100) Si wafers were used as
substrates. From the RBS and FRS data the areal densities of C
Si, O, and H atoms of the film were obtained using the SIMNRA
computational prograrff. With the use of this program simulations

of RBS and FRS spectra were carried out using sets of tentative
input values for the areal densities of the chemical elements in the
film. The simulations were repeated with different sets of values
until an optimum match of the simulated to the experimental spectra
was found. An optimum set of values for the areal densities was
thus obtained. Errors in these values were no higher than 2% for
H and 10% for C, O, and Si.

To investigate the chemical bonds in the films, infrared reflec-
tion—absorption spectroscopy (IRRAS) was employed using a
Bomen MB-101 FT-IR spectrometer. The spectra covered the 400
4000 cn1?! range at a resolution of 4 cthand were taken from
films deposited onto Al-coated glass substrates. Unpolarized and

p-polarized IR beams were used. A variable-angle attachment was

employed to obtain incidence angles of Hhd 70 for unpolarized

(34) Mayer, M.SIMNRA User's GuideReport IPP 9/113; Max-Planck-
Institut fur Plasmaphysik: Garching, Germany, 1997.

to-noise ratio of the RBS data caused by the small film
thickness and the relatively low scattering cross sections of
C, O, and Si for H& ions®

As can be seen in Figure 1, the film composition is
significantly changed by ion irradiation. For all ion species
used in the irradiations several common trends for the H/Si,
C/Si, and O/Si atomic ratios can be observed as the fluence
is increased: (i) the H/Si ratio decreases, (ii) the O/Si ratio
increases to a maximum and then decreases, and (iii) there
is an overall increase in the C/Si ratio, and its value at the
highest fluence (Ix 10 cm™2) is higher than that of the
pristine film. As discussed later, the increase in the O/Si ratio
for intermediate fluences is, at least in part, due to oxygen
uptake from ambient air after the irradiation process.

In the irradiation of a conventional silylene copolymer with
high-energy ionsit is reported that the C/Si atomic ratio
decreases with increasing ion fluence, while in our results
an increase of the C/Si ratio is observed. Our data, however,
unmistakably reveal that ion irradiation increases the C/Si
ratio, since the measured C/Si values for the four ion species
at all fluences are higher than that of the pristine film.

lon-induced dehydrogenation of polymers is a significant
and commonly reported effet#®3’ The strong decrease of

(35) Chu, W. K.; Mayer, J. W.; Nicolet, M. Backscattering Spectrometry
Academic Press: New York, 1978.

(36) Srivastava, S. K.; Avasthi, D. K.; Pivin, J. 8ucl. Instrum. Methods
B 2002 191, 718.



5792 Chem. Mater., Vol. 17, No. 23, 2005

601He" . Ne' 5 5
45/ i 2
30/ L
15 )
—~~~
X oLk :
N . .
O:I 60+ Ar s |KF
45 2 ¢
s (]
301 s ¢ s
4
15
0 14 15 16 14 15 16
10 10 10 10 10 10

Fluence (cm™)

Figure 2. H loss as a function of ion fluence for BieNe*, Ar*, and Kr*

the areal densities of H.

the H/Si atomic ratio for increasing ion fluence, shown in
the plots of Figure 1, are compatible with hydrogen loss. To
better evaluate such an effect, only the H data obtained by
FRS was considered, and the percent H loss of the films,
Ry, was calculated by the equatidy = [(z0 — 2)/z] x
100, wherezy andz are the areal densities of H in the pristine
and the irradiated films, respectively. PlotSRpfas a function
of the fluence are shown in Figure 2. The dehydrogenation
of the samples is remarkable for all of the ions. For"He
Ne*, and Ar" irradiation at a fluence of X 10% cm2, Ry
is around 55%.

In the ion irradiation of polymethylhydroxysiloxane and
polyphenylmethylhydroxysiloxane (polymers known as SR350
and SR355, respectively) with 200 keV Hmons at® = 1

from the experimental data for SR355 and SR350, respec-
tively.3” Considering the structural differences between our
films and SR350 and SR355 and the fact that we used a
lower energy (170 keV) it can be concluded that our results
for He' irradiation are in good agreement with those of ref
37.

In the literature on ion irradiation of Si-based polymers
hydrogen loss is frequently correlated to film compactness

K, (%)

Absorption Intensity

the spectra taken at 1@vas multiplied by 10.

Gelamo et al.

50/He"
40
30
20

10] *

+

50
40
30
20
10

4

=D

1 (')14

1615

10%® 1614
-2
Fluence (cm™)

Figure 3. Film compactness as a function of ion fluence for'Halet,
Art, and Kr" irradiations. The error bars were determined by propagation

irradiations. The error bars were calculated by propagation of the errors in Of the errors in the film thickness determinations.
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Figure 4. IRRAS spectra of the pristine film taken with an unpolarized
infrared beam at a Eancidence angle (dotted line) and with a p-polarized

x 10 cm2, Ry values of 50% and 80% can be deduced infrared beam at a 7dncidence angle (continuous line). The intensity of

acquired at 10and 70 incidence angles using nonpolarized
and p-polarized light, respectively. Figure 4 shows both
spectra for the pristine film, thus illustrating the differences
between the two acquisition conditions. The intense signal
enhancement generated by use of the more oblique incidence
angle and p-polarized light can be clearly seen in the figure,

' especially in the low-frequency region (156800 cn1?) of

Ki, expressed as the percent decrease in film thickness andpg gpectra. Such an enhancement is expected according to
g ! - ! ) : the pioneering work of Greenlé? Also noteworthy are the
thicknesses of the pristine and irradiated films, respectively. pj e shifts undergone by the most intense bands in the
spectra. This is due to the fact that acquiring spectrum taken
. : at 70 at oblique incidence angles gives rise to detection of
fluence, compactness does not vary systematically with thehe | 5 counterpart of the vibrational modes, which was first
described by Berrema# Profiting from this signal enhance-

! - ' ment, our infrared analysis will be based on spectra taken at
lie between 40% and 50% for all ion species. These values,qe \ith p-polarized light.

defined asK; = [(to — t)/tg] x 100, wheret, andt are the

Figure 3 shows the film compactness as a function of fluence
and ion species. Within experimental errors, for a given

ion mass. For each ion species, howevky, strongly
increases with fluence. Ab = 1 x 10 cm2, theK; values

are comparable to earlier resutfsfrom which percent
thickness decreases of 20% and 40% are deduced for SR35
and SR350, respectively, irradiated with 200 keV'Hiens
at® =1 x 10 cm=2

3.2. Pristine Film Baseline. As pointed out in the
Experimental Section, infrared reflectieabsorption spectra
of both the pristine and the ion-irradiated samples were

(37) Pivin, J. C.; Colombo, Rl. Mater. Sci 1997, 32, 6163.

il

The spectra of Figure 4 are typical of a PECVD siloxane
m produced from oxygen-diluted HMDSO plasmas, and

band assignments are made from refs 26, 27, 38, and 39.
The intense bands at 1027 € 10°) and 1129 cm! (0 =
70°) are due to an antisymmetric stretching (AS) motion in

(38) Rau, C.; Kulisch, WThin Solid Films1994 249, 28.
(39) da Cruz, N. C.; Durrant, S. F.; Bica de Moraes, MJAPolym. Sci.:
Polym. Phys1998 36, 1873.
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which the O atom moves back and forth along a line parallel
to the axis through the two Si atoms. The observed-LO
TO splitting of 102 cm? is close to that observed in our
previous papers for siloxane networkg’ These bands will
be termed AS1-TO and AS1-LO, respectively, in analogy
to those observed for vitreous silica (v-$j@or which they
lie at 1072 and 1257 cmd, respectively?® In v-SiO, the AS1-
TO band exhibits a high-frequency shoulder at ca. 1200
cm, which, as suggested by KifR,is due to a motion
(termed AS2 mode) in which adjacent O atoms execute the
AS motion 180 out of phase with each other. Again, in
analogy with v-SiQ, the shoulder at ca. 1100 cin the
spectrum of the pristine film at 2ds assigned to the AS2
motion. As for the low-frequency shoulder observed in the _ o o _

. Figure 5. IRRAS spectra of the pristine and Héradiated films taken
spectrum taken at 70it can be due to the AS1-TO mode with a p-polarized infrared beam at a°7ibcidence angle. The intensity
but also be assigned to the AS2 mode since in v-3i@ scale for the spectra in the region from 4000 to 1400%i®5 times higher

LO—TO splitting is negative, i.eopposite to that of the AS1 than that in the 1706400 cnt! interval. The dotted line joining each pair
’ of spectra indicates that both correspond to the same sample.
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The spectra taken at 78how a band at 430 crhwhich Ke*
is due to Si-O bond rocking in S+O—Si groups. In thermal \ o=
SiO, the TO mode for these groups appears at ca. 450, =
but lower values have been observed for,dike materials. ’
The reasons why this mode cannot be observed in the Ar\' -

spectrum taken at 2Care either because of the extremely
low signal-to-noise ratio in the region or because it lies
outside the detection range of the spectrometer (4@00

Absorption Intensity

cm1). Also noteworthy is a band that appears at nearly 1723 N
cm1, which is due to &0 groups'!
Other absorptions clearly seen in the spectra taken‘at 70
are related to vibrations in methyl groups: asymmetric and 4000 3000 2000 1500 1000 500
symmetric C-H stretching at 2961 and 2903 cfrespec- Wavenumber (cm™)

tively; asymmetric and symmetric methyl deformations in Figure 6. IRRAS spectra of the Nie, Art-, and Krt-irradiated films taken
Si—Mey at 1408 and 1269 cm, respectively; the group of  with a p-polarized infrared beam at a°7@icidence angle. The intensity
bands between 900 and 600 chinvoling coupling of the. e s st e g fom 00l Lo e e e,
rocking of the methyl groups and stretching of &l bonds?? of spectra indicates that both corresp-ond to the sameJ samgle. P

3.3. Structural Transformations Brought About by lon
Irradiation. Spectra of the Heirradiated films at five ion species used in the irradiation, as shown by the bands
different fluences are given in Figure 5. For the sake of assigned to methyl deformations in-9ile, groups at 1408
brevity, in Figure 6 only the spectra of films irradiated with  and 1269 cm. Evolution of the asymmetric methyl defor-
the other ion species for the lowest and the highest fluencesmation band with ion fluence for Heirradiated films is
are shown. From inspection of the spectra of either Figure 5 shown in Figure 7. The intensity dependence of this band
or Figure 6 it can be readily concluded that ion irradiation \yith the ion fluence for the other ion species is very similar
produces significant changes in the film structure, manifested that shown in Figure 7. The absorption at 2961-&m
by strong modifications in the absorption band in.tensitigs which in the pristine film is due to €H asymmetric
and I|n.e shapes anq formatlon of new bands. A d'scuss'onstretching in Si-Me, groups, disappears in the Heradiated
regarding such modifications follows. film at the highest fluence. Absorptions in the region around

Methyl-Related Groupd/ethyl-related groups are strongly 2960 cmt, however, are present in films irradiated with"Ne
depleted by ion irradiation as demonstrated by the strong o+ and Kr+ ions at the highest fluence.

intensity decrease of their corresponding bands as the fluence N .

is increased. This observation is compatible with the H-loss As shown In Figures 5 anq 6_ the_ Ime_shape_ of.the?-C

measurements made by FRS since a possible mechanism fo,?tretchmg baqu changes. with ion irradiation, |nd|cat_|ng an

depletion of a methyl-related group involves scission e#+C increasing variety of chemical gnvwonments surroundmg the

bonds. Actually, most methyl-related groups seem to disap- C—H bonds as the fluence increases. The well-defined,

pear in films irradiated at higher fluences, regardless of the Narrow bands at 2961 and 2903 thin the spectrum of the
pristine film increase their line widths, and a broad and

(40) Kirk, C. T. Phys. Re. B 198§ 38, 1255. featureless €H stretching band appears in spectra of films
(41) Tsu, D. V.; Lucovsky, G.; Davidson, B. Nbhys. Re. B 1989 40, irradiated at higher fluences. It is thus possible that, in these
1795.

(42) Anderson, D. Rin Analysis of SiliconesSmith, A. L., Ed.; John Wiley films, the C_H groups may exist independently of the methyl
& Sons: New York, 1974. groups, as discussed later.



5794 Chem. Mater., Vol. 17, No. 23, 2005

0=1x10"cm’
v"“\/”~—\-«/’—’""‘"/\V§§1gfi—/_4/—’——_—‘/
x10"

/—‘/_//‘_\’1\/_/_/\/

1x10"

Absorption Intensity

pristine

1420 1400 1380 1360

1440

1340

Wavenumber (cm™)

Figure 7. IRRAS spectra of the Heirradiated films in the 14501340
cm~Linterval. The spectrum of the pristine film is also shown.

The decrease of the methyl groups with ion irradiation is
also shown by the decrease in the intensity and line shap
changes of the bands in the 96000 cnttinterval, assigned
to coupling of rocking of methyl units and stretching of-&l
bonds associated to-SMe, groups withx = 1, 2, and 32
which will be also discussed later.

O—H and C=0 Bond-Related Groups$:or intermediate
fluences an intense hydroxyl absorption due te-HD
stretching and peaking at ca. 3450 ¢naan be observed in
Figure 5. The shoulder at the high-energy side of theHD
band indicates that part of the-® groups are bonded to

Si atoms, forming silanol groups. The intensity and line shape

of the hydroxyl band exhibits a peculiar behavior: as the
He" fluence is increased, the-@H band intensity increases,

goes through a maximum, and then decreases, becomin

negligible for the highest fluence. An identical behavior is
noted in the spectra of the samples irradiated with the othe
three ion species. The appearance of theHOgroups is
linked to the formation of free radicals from ion-induced
bond scissions in the film network. Similarly to what happens
in plasma-deposited polymer films, the-® bonds appear

from reactions between the free radicals and water vapor or

oxygen from the atmosphet&lncorporation of oxygen from
the atmosphere due to reactions with free radicals produce
by ion irradiation of conventional polymers has been
observed by various investigators'

Oxygen or water vapor uptake is related to their diffusivity
in the film, which depends on network compactness,

decreasing as the latter is increased. According to the result
reported in the previous section, compaction is strongly

increased by ion irradiation. This explains the low or even
negligible O-H bond content observed in the samples
irradiated at higher fluences.

For films irradiated with the four ion species (Figures 5
and 6) the decrease of the=© groups with ion irradiation

is clearly demonstrated by the decrease of the intensity of

the G=0 stretching band at about 1723 chmas the ion
fluence is increased. Depletion of the=O groups may be
due to various reasons, such as their dissociation (e.g., b

Gelamo et al.

into C—O—Si, C—0OH, and other groups. The-€DH groups,
in particular, may be formed from rearrangements &fGC
bonds with groups originating from water vapor uptake from
the atmosphere, thus contributing to the intensity of theéHO
absorption band seen in the spectra of most irradiated films
(Figures 5 and 6). It should be mentioned, on the other hand,
that G=0 groups are probably generated in the postirradiated
films. Carbon dangling bonds formed by ion irradiation may
lead, from reaction with incorporated oxygen, te=O
groups, according to a reaction scheme previously proposed
by Yasuda et a® However, as in Heé-irradiated films, in
those irradiated with the other ion species the intensity of
the G=0 stretching band monotonically decreases with
increasing ion fluence, thus indicating that depletion &f C
O groups is more significant than their formation.
Si—O Bond-Related Group3he AS1-LO band observed
in the spectra of Figure 5 blue shifted from 1129 to 1150
ecm*1 with increasing ion fluence, which is consistent with a
mineralization of the material. However, it did not blue shift
enough for the material to have been converted into vitreous
silica, for which the AS1-LO lies at 1257 crh
A similar behavior is observed for SD—Si rocking bands
observed at 430 cm in the pristine film, which shift to 480
cm ! for Het and 475 cm? for Krt at the highest fluence.
However, these shifts are not as high as those for %SiO
for which the TO band can be observed at 450 tand the
LO at 505 cnTt.?s
Formation of New Groups and Structuréhe breaking
of bonds, induced by the ion beam, and their subsequent
recombination may lead to formation of other important
iroups, such as SIO—C. However, since the SiO—C
symmetrical stretching mode in organosilicones occurs
around 1100 cm',*246a conclusion on the formation of these
groups in the irradiated films is hampered by the possibility
of overlapping of the StO—C AS and Si-O—Si AS bands.
Other ion-generated functional groups are related to the
bands peaking at nearly 2200 and 1357 ¢trand in the
1000-700 cn1?t interval (Figures 5 and 6). The former is
associated with the SiH stretching vibrations in SiH
Jroups?’ The band at 1357 cm is assigned to scissoring
deformation of methylene in SiCH,—Si groups®®“&4°and
for the He-irradiated films it is represented in Figure 7.
From this figure it is shown that SiCH,—Si groups are not
present in the pristine film and are generated in the films
irradiated at lower fluences. For films irradiated at higher
%Iuences, S+CH,—Si groups are no longer observed. The
trend followed by the SiCH,—Si deformation band in
Figure 7 is also observed in spectra of thetNeé\r*-, and
Kr*-irradiated films.
For the methylene wagging mode in-STH,—Si a strong
absorption is assigned in the 1680040 cn* region?® The

r

(45) Yasuda, H.; Marsh, H. C.; Bumgarner, O.; Morosoff JNAppl. Polym.
Sci 1975 19, 2845.

(46) Wolfe, D. M.; Hinds, B. J.; Wang, F.; Lucovsky, G.; Ward, B. L,;
Xu, M.; Nemanich, R. J.; Maher, D. M. Vac. Sci. Technol. A999

Y 17, 2170.

nuclear collisions with the energetic ions) and transformation (47) Lucovsky, G.J. Non-Cryst. Solid4998§ 227, 1.

(43) Yasuda, HPlasma PolimerizationAcademic Press: New York, 1985.
(44) Venkatesan, TNucl. Instrum. Methods. B985 7—8, 461.

(48) Scarlete, M.; Brienne, S.; Butler, I. S.; Harrod, J.Ghem. Mater.
1994 6, 977.

(49) McKean, D. C.; Davidson, G.; Woodward, L. Spectrochim. Acta
A 197Q 26, 1815.
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spectrum of the pristine film is also shown.

latter is, however, masked by the strong AS1 band. Because
the absorption due to methylene wagging is much stronger
than that of the methylene scissoring mode, theGi,—

Si groups are important constituents of the films irradiated
at low to intermediate fluences. A possible mechanism of
formation of the Si-CH,—Si groups involves generation of

C dangling bonds by H detachment from the abundant Si
CHjs groups existing in the film. The resulting-SCH; units

may further react with Si atoms, thus forming-&tH,—Si.
Since Si-CHs; and Si atoms are in the polymer chains;-Si
CH,—Si will be part of the cross-linked network. Actually,
this mechanism would be also responsible for cross-linking,
since, before reacting, SCH, and Si must be in close
proximity in neighbor chains.

Figure 8 shows spectra of films irradiated with the four
ion species in the 1000700 cn! region. Regardless of the
ion species, at low to intermediate fluences, a well-defined
band appears at about 890 ¢has a shoulder on the high-
energy side of the broad band already assigned to coupling
between the Cklrocking and the SiC stretching modes.
Two absorptions may contribute to this band:—8i stretch-
ing vibrations in silanol group8 and Si-H deformatior!

For the Hé-irradiated films at a fluence of ¥ 10 cm2

the band at 890 cmi disappears and only one band, at 830
cml, is observed. The latter is attributed to the-Si
stretching mod® since in the spectrum of the Hérradiated
films for 1 x 10 cm 2 (Figure 5) CH- or OH-related bands
are no longer observed. Absorptions due to the-Gi
stretching mode are also present in the spectra of,Ma*-,

and Krf-irradiated films. In these, in contrast to the He
irradiated samples, the absorption at about 890 'cim
present even for irradiation at the highest ion fluence. As
pointed out before, a relatively large hydrogen concentration
is present even in films irradiated with the highest fluence,
as demonstrated from the FRS data. Thus, existence of th
band at about 890 cm for samples irradiated at & 106
cm 2 strongly indicates that SiH groups remain in the film.

In the spectra of the films irradiated with each of the ion
species, exhibited in Figure 9, a clearly defined absorption
band appears at about 1890 énwhose intensity and line
width monotonically increase with increasing ion fluence.
Differences in the evolution of these bands reflect different
structural modifications produced by the different ion species.
For Kr* irradiation the absorption at 1890 cican be
clearly noted in the spectrum of the sample irradiated at the
lowest fluence. In the spectra of the Heradiated samples
this absorption is only noted for fluences o610 cm—2

and higher. Furthermore, the position of the band for any
given fluence varies according to the ion species.

To our knowledge, this is the first time the bands around
1890 cmit are observed in ion-irradiated Si-based polymer
films. Their origin is not yet clearly defined. From a literature
search, Gtype chainsif = integer), mainly withn > 10,
exhibit bands in this regiot®. Concomitant with the appear-
ance of these bands, another band, at about 16203,cm
appears and is assigned to stretching vibrations ={CC
bonds. The shoulder at the high-energy side of the latter is
assigned to €0 bonds, whose intensity decreases with
increasing ion fluence. The bands at 1620 &misappear
at higher fluences, while the appearance of broad bands at
about 1550 cmt can be clearly noted, suggesting a graphene-
structured carbonaceous compotd a disordered graphitic
structure®>56

From these results it seems possible that a carbonaceous
material consisting of domains of graphitic structures inter-
connected by Gtype chains exists in the films irradiated at
the highest fluences. These structures may evolve from
domains of amorphous hydrogenated carbon (a-C:H) formed
at lower fluences, as indicated by the=C and diffuse G-H
stretching bands. Conversion of the a-C:H structures seems
do be complete only for the film irradiated with Het the
highest fluence, as no trace of-El bonds is observed in

(53) van Orden, A.; Saykally, R. Lhem. Re. 1998 98, 2313.
(54) Fuente, E.; Menendez, J. A; Diez, M. A.; Suarez, D.; Montes-Moran,

(50) Pliskin, W. A.J. Vac. Sci. Technoll977, 14, 1064. M. A. J. Phys. Chem. B003 107, 6350.
(51) Bellamy, L. J.The Infrared Spectra of Complex Molecuyl8sd ed.; (55) Mani, K. K.; Ramani, RPhys. Status Solidi974 61, 659.
Chapman and Hall: London, 1975; Vol. I. (56) Nemanich, R. J.; Lucovsky, G.; Solin, S. 8olid State Commun.

(52) Fleischer, H.; McKean, D. d. Phys. Chem. A999 103 727. 1977, 23, 117.
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the spectrum. For the films irradiated with the other ion  Table 1. Average Electronic and Nuclear LET (eV/ion/nm) and
species at their highest fluences, the weak and diffuselC Projected Range for the Pristine Film and Films Irradiated at ® =

. . . - 1 x 10%6cm—2
stretching band remaining in the spectra may indicate that — s rradiated A — 1 < 105 o2
C—H bonds still exist in the carbonaceous domains. It should pristne™m _ Tms radafedad — o x T em
be noted that the bands at about 1890 and 1550 could . projected projected
. . . ion (dE/d dE/dX), range (nm) (&/dx)e. (dE/dX range (nm
not be observed in the IRRAS spectra obtained in the e ( 12;)8( 06)” 35;0 ) 24)13 ( 12)” 99(70 )
. . . e . .
unpolarized mode at near-normal incidence. Net 182 398 600 359 80 360
Comparison with Infrared Spectra of other lon-Irradiated Art 312 176 500 548 291 270
Krt 271 284 370 502 465 172

Films. There are few reports on the investigation of ion-

!rradlated effects in convent|onal_ Sl-baseql polymers b_y ranges for the pristine and irradiated films at the highest (1
infrared spectroscopy. However, since our films are polysi- « 10% cm?) fluence. The thickness and atomic areal

onane_zst,_ there is ? closdetﬁlntmlz:rlty pe:_ween ;the_lspectrum ?]fdensities of Si, C, O, and H, determined by ion-beam
our pristiné sample and that ot a pristiné polystioxane suc analysis, were used as input data. The results are displayed

afs SR]:OTISO’ exhirt])itc_ad i?l ref 37'. T.he evolu(tjic_)n of thg splectra in Table 1 and define the minimum and maximum LET and
of our films as the ion fluence is increased is very similar to projected range values for any of the ions.

those of SR350 irradiated with 500 keV*Gons as the The first conclusion to be drawn from the table arises from

i 3 6 —2 i
fluence increases from5 10to 5 x 10°cm, i.e, several the extremely low nuclear LET values for Has compared

Cr? mmonhtrle nds dcaége Sfen’dSlgCh 35. the st'r.ong degreﬁse ¥d the electronic LET for the same ion. Because the hydrogen
the methyl- an -related band intensities and the ¢ of o films is significant for Heirradiation, electronic

increase and subsequent decrease of thel@elated bands. collisions are, most likely, the dominant mechanism fertC

3.4. Hardness. Surface hardness measurements were gng Si-H bond scission. Consequently, in Heradiated
carried out on the pristine film and films irradiated with the  fiims electronic collisions are responsible for film hardening
highest fluence (& 10* cm~?). While the surface hardness  gnqg for the appearance of-® and S-OH groups, since
of the pristine film was 1.3 GPa, values of 8.1, 6.0, 4.7, and they are formed from reactions between the free radicals

1.6 GPa were measured for the'HeNe'-, Ar*-, and Kr'- resulting from G-H and Si-H bond scission and oxygen
irradiated samples, respectively. Thus, the surface hardnesg,nq water vapor from the atmosphere.

monotonically increases with decreasing ion mass. In both  The He-irradiated films are those in which the methyl-
C-1357%%and Si-based**polymers surface hardness usually rejated groups are most drastically reduced. As can be seen
increases with increasing ion fluence. Thus, these hardnesg, Figure 5, there is no trace of-€H stretching bonds in
values were expected to be highest for films irradiated with he films irradiated at a fluence of ¢ 10 cm~2. For this
each ion SPECIES. ' ~ fluence, however, €H stretching bonds are present in films
At least in part the hardness increase can be associategrradiated with the other ions, as can be noted in Figure 6.
with a process whose initial step is formation of free radicals A more intense reduction of €H-related groups would be
by ion-induced scission of hydrogen bonds in close proximity expected for ions of heavier masses since their electronic
in neighboring chains. Owing to the thermal mobility of the  LET values are higher. A possible explanation for this
network chains, the free radicals recombine, forming a highly apparent contradiction is due to the fact that the projected
cross-linked compact three-dimensional network. As ex- ranges for N&, Art, and Kr" at a fluence of 1x 106 cm2
pected, material compactness accompanies the hardnesgre comparable to, or even smaller than, the film thickness
increase due to the decrease in the average bond length. Othefnd much smaller than the Hgrojected ranges at the same
mechanisms may also contribute to hardness increase, sucfluence. Consequently, the NeArt, and Kr ions do not
as bond rearrangements different than those arising fromtraverse the entire film or if they do their energy before
H-bond breakage and diffusion of carbon atoms, forming completing the film traversal becomes too low to produce

diamond-like domain&12.59 significant structural changes. In both cases an undamaged,
For conventional polysiloxane and polycarbosilane films or weakly damaged, layer remains in the films, which may
irradiated with 200 keV Heions at® = 1 x 10 cm™2, be responsible for the-€H stretching absorption band seen

hardness values in the range between 10.9 and 17.0 GPén the spectra of Figure 6 for the films irradiated at the highest
can be deduced from ref 12. Since we have measured &fluence.
surface hardness of 8.1 GPa for the 170 keV fiteadiated As previously outlined, for all ion species the bandwidths
sample at® = 1 x 10% cm 2, our pristine films are  of the G-H stretching modes increase with increasing
competitive with the above-mentioned Si-based polymer fluence, indicating an increment in film structural disorder.
films for producing hard-surfaced ceramic materials. At any given fluence the increases in the bandwidth for the
3.5. Role of Electronic and Nuclear LET on Film Het-, Ne*-, Art-, and Kr-irradiated films are comparable.
Modification. Using the SRIM code we determined the Thus, electronic collisions play an important role in the
average electronic and nuclear LET and the ion-projected increasing structural disorder.
However, nuclear collisions are expected to contribute to

(57) Lee, E. H.; Rao, G. R.: Lewis, M. B.; Mansur, L. & Mater. Res. disorder as they produce atomic displacements and breaking

1994 9, 1043. o of the polymer chains. As shown in Table 1, the average
(58) Pivin, J. C.Thin Solid Films1995 263 185, nuclear LET is significant for At and Kr" and higher

(59) Pivin, J. C.; Colombo, P.; Sendova-Vassileva, M.; Salomon, J.; Sagon, | - . )
G.; Quaranta, ANucl. Instrum. Methods B998 141, 652. increases in the bandwidths would be expected for these ions.
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The probable reason such an expectation is not confirmednearly 50% and the C/Si atomic ratio increased by about
is, again, due to the fact that the penetration depth in the 20%.

film is smaller for the heavier ions and thus the structural Film compactness and hardness were found to be in a

modifications do not extend to the entire film volume. direct correlation with the H loss, and this can be understood
To explain the observation that the hardness of thé-He a5 recombination of the free radicals formed by the ion-

irradiated film was the h|ghe3t it should be remembered that induced scission of the-€H bonds, g|v|ng rise to a tighter'
the hardening of polymer films depends on the balance strongly bonded structure. Such a structure is at least in part
between electronic and nuclear LET. While the former is responsible for the high surface hardness of the irradiated

responsible for the increase in cross-linking and thus for fijims. It is possible that diamond-like carbon domains also
improvement in network cohesion, the latter produces atomic contribute to hardness.

dler) Iagements from nuclea;solhs;t: n+mhlgh are detgmental Several results of this work were interpreted in terms of
to hardness improvement. Thus, the s donotproduce o glectronic and nuclear LET of the ions traversing the

significant chain degradation since their LET is almost film network. Both the electronic and the nuclear LET
exclusively electronic. For Nie Ar*, and Krt ions, whose '

nuclear LET are higher than that of Hehe beneficial effects
of the electronic LET for hardness are overriden by the
nuclear LET, responsible for chain degradation.

increase with increasing ion mass. Because the nuclear LET
is not significant as compared to electronic LET in the"He
irradiated films, electronic collisions are responsible for
increases in compactness and surface hardness of the latter.
Despite the fact that the electronic LET increases fron He
to Kr*, the lower surface hardness of the™NeAr*-, and

lon-beam effects on film structure were investigated in Kr*-irradiated films, as compared to the Heradiated ones,
detail using IRRAS spectra obtained with an unpolarized was attributed to the higher density of nuclear collisions that
infrared beam at near normal incidence (unpolarized mode)are detrimental to hardness improvement. On the other hand,
and with a p-polarized beam at a “7@ncidence angle  the fact that the film disorder was not increased at the same
(polarized mode). The polarized-mode spectra proved to bepace as the ion mass was interpreted as due to the decreasing
extremely useful in this work since they exhibited several ion penetration depth in the film network as the ion mass
clearly defined bands not seen in the spectra taken in thewas increased.
unpolarized mode due to the low signal-to-noise ratio.
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