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I. Introduction

Long-term ion bombardment of a polymer causes important
transformations of the material, accompanied by the formation
of specific modifications of amorphous hydrogenated carbon
which exhibits conducting properties. Ion irradiation is also
responsible for an increase in the conductivity of initially dielectric
polymers (e.g., polyimide and polyethylene) by 10 to 15 and even
18 orders of magnitude. Studies carried out in the last decade
allowed one to gain a deeper insight into the mechanisms of ion
bombardment induced processes in polymeric materials and
showed that varying the main parameters of ion irradiation
(energy and mass of implanted ions, implantation dose, ionic
current) has a significant effect on the formation of a carbona-
ceous phase in the implanted layer. These studies also revealed the
possibility of effective control of not only conducting and optical,
but also tribological, hydrophilic and hydrophobic properties of
the irradiated polymer surface.

Salient features of ion implantation into polymeric targets
have been reviewed.1 ± 6 However, the emphasis was placed on
systematisation of the data on the nature of the conducting
properties of ion-implanted polymers. This review (i) concerns
the character and mechanisms of chemical reactions occurring in
the polymer matrix during ion irradiation to high fluences and (ii)
analyses the role of these processes in the formation of the
properties of ion-implanted layers formed at the surface of
polymeric materials.

II. Peculiarities of the interaction of high-energy
ions with polymeric target

Specific effects of ion irradiation on polymeric samples are first of
all due to very high density of energy transferred to the irradiated
target. Energy loss of incident ions in polymer matrices can be as
high as tens and even hundreds of electron-volts per 1�A of track
length. Energy deposition occurs within a very small volume along
the ion track and takes a very short time (*10713 s).7 Taking into
account the fact that the bond dissociation energies in polymers do
not exceed 10 eV (e.g., 4.3 eV for the C7H and 9.3 eV for the
C=N bond), the energy deposited by the stopping projectile is
high enough to break a large number of chemical bonds within the
track volume even in the case of implantation of ions withmedium
energies (from tens to hundreds of kiloelectron-volts). This, in
turn, creates prerequisites for essential transformations in the
irradiated polymer during ion bombardment.

The character of chemical processes induced in the polymer
matrix by ion implantation is strongly affected by two fundamen-
tally different mechanisms of energy transfer from the incident
ions to the polymer, namely, by inelastic (electronic excitations)
and elastic (nuclear) collisions.7 The former mechanism leads to
excitation and ionisation of polymer molecules and (also as a
result of fast subsequent neutralisation) to the formation of a large
number of mobile radical species (first of all, H

.
radicals) and

macroradicals. Nuclear collisions are accompanied by massive
rupture of chemical bonds due to displacement of atomic nuclei
and by transfer of rather high energy to the polymer matrix in the
form of phonons.7 Once the deposited energy is sufficiently high,
the displaced atoms can, in turn, create their own track cas-
cades.1, 7 The contribution of each mechanism to the overall
energy loss of an incident ion is characterised by its stopping
power, Sn (for `nuclear') and Se (for `electronic' energy loss),
which represents the change in the ion energy caused by its
interaction with the polymer matrix per unit path length. The Sn

and Se values depend on the energy and mass of incident ions.
High-energy light ions deposit their energy mostly by electronic
excitations, while heavy ions lose their energy nearly completely
by nuclear collisions.7, 8 As the ion slows down, the contribution of
each mechanism to the overall energy loss substantially changes
(e.g., a feature of the implantation of light-element ions is an
increase in the relative weight of `nuclear' energy loss at the end of
the ion track 7, 8).

Thus, stopping of ions is accompanied by deposition of rather
high energy within the ion tracks and is followed by the formation
of radicals, secondary ions and electrons. A certain fraction of
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electrons (the so-called d-electrons) have energies high enough to
escape the primary ion track.7, 9 The tracks of d-electrons (secon-
dary tracks) form a region called `penumbra' 10 in which the
excitation and ionisation of the polymeric material also occurs.
For ions with energies of the order of 100 keV to 1 MeV per
nucleon, the radius of the primary track lies between 5 and 10�A 11

while the penumbra radius can reach 50 to 100�A (this estimate
was obtained for water which differs only slightly in stopping
power from most polymers).10, 11 Compared to the ion track, the
density of energy deposited in the penumbra is an order of
magnitude lower 1, 9 ± 11 and the processes occurring in this region
can be considered as pure radiation processes. Energy deposition
occurs mainly within the track core which is thus heated to very
high temperatures. Heating is due to electrons confined within the
track by a strong electric field 12 perpendicular to the track axis
and to direct transfer of vibrational energy to polymer by nuclear
collisions.7 The `thermal spike' model allows estimation of tem-
perature within a cylindrical track as a function of the radial
distance (r) and time (t) elapsed after passage of an ion as
follows:13 ± 16

T (r,t)=
T0

1� 4dt=r20
exp

�
ÿ �r=r0�2
1� 4dt=r20

�
,

T0=
S

prCVr
2
0

,

whereT0 is the initial temperature (at the instant the thermal spike
is created), d is the thermal diffusivity of the condensedmedium in
which the ion slows down, r0 is the radius of the ion track, S is the
overall stopping power for the incident ion, r is the density of the
polymer andCV is the heat capacity of the polymer. The T0 values
corresponding to the implantation of ions with energies ranging
from 0.1 to 1 MeV into various polymers can be as high as
*104 K, while quenching of the track down to the temperature
of a polymeric target under ion irradiation [*100 ± 150 8C (see
Refs 17 and 18)] takes 1079 ± 10710 s. This formula provides only
a rough estimate of the parameters of the thermal pulse produced
upon passage of a high-energy ion; nevertheless, it allows one to
estimate the main parameters (including the time parameters) of
the thermal effects accompanying ion implantation. It should be
noted that the experimental estimate of the temperature of the
electron cloud created during ionisation of the atoms within the
ion track can be obtained from analysis of the C (KVV) spectrum
of the Auger electrons generated in the ion bombarded amor-
phous carbon (this is closely related to the conditions in heavily
implanted polymeric materials); the theoretical estimate of the T0

value is in reasonable agreement with the experimental results of
these experiments.19

Build up of the dose of implanted ions leads to basic changes in
the character of ion-induced processes. Initially, a pristine poly-
mer is ion bombarded until accumulation of a certain dose Df

corresponding to complete coverage of the surface of the polymer
sample with ion tracks. Futher implantation occurs into the
polymer exposed to ion irradiation. In this case, the processes in
the polymeric target represent a specific kind of pulse thermo-
radiolysis since the products of radiochemical reactions formed
within and in the vicinity of the track region and those accumu-
lated in the polymer matrix during previous irradiation are
involved in the thermally induced reactions occurring in the
thermal spike.

III. Chemical processes occurring during ion
bombardment of polymers

Studies of the effect of ion irradiation on various polymeric
materials showed that implantation to high doses leads to carbon-
isation of the surface of the polymer sample and to the formation
of specific surface forms of amorphous hydrogenated car-
bon.20 ± 24 Carbonisation occurs efficiently if the energy loss per

unit track length (or the linear energy transfer, LET) of incident
ions exceeds a particular threshold value (15 to 20 eV �A71 for
aliphatic polymers 1). Accumulation of carbon in the implanted
layer is accompanied by evolution of a large amount of dihydro-
gen (usually, themajor gaseous product of ion implantation), low-
molecular-mass hydrocarbons (first of all, acetylene) and CO and
CO2 in the case of oxygen-containing polymers (Table 1).1, 24 ± 28

The amount of gaseous products formed in ion-induced,
radiochemical pyrolytic processes exponentially decreases as the
surface of a polymeric target is covered by ion tracks:1, 5

Q=Q0 exp(7eD),

where Q0 and Q are the initial and current yields of the detected
gaseous product, respectively; e is the cross-section of the reaction
accompanied by gas evolution (based on the e value, one can
estimate the reaction volume in which ion-induced thermoradiol-
ysis occurs); andD is the implantation dose. Clearly, the e71 value
allows estimation of Df for a polymer irradiated under particular
implantation regime.1, 5 For ions with energies of the order of
hundreds of kiloelectron-volts, the cross-sections of ion-induced
reactions accompanied by gas evolution are *10± 14 ± 10715 cm2

(see Refs 1, 5, 29). Since the radiation processes accompanied by
evolution of dihydrogen also occur within the penumbra, the
cross-section of the reaction of H2 liberation is somewhat larger
than those of the reactions of formation of hydrocarbons (CO and
CO2) released immediately in the intra-track region.30

The fact that radiochemical processes in the penumbra allow
cross-linking of polymer chains is of great importance. For
instance, the yield of cross-linking for electron beam irradiated
polyethylene (this regime is analogous to the action of d-electrons)
is 3 to 5 times higher than the chain scission yield.31 In this case,
radiation-induced cross-linking of the polymer occurs even at low
fluences, which are two orders of magnitude lower than Df for
medium-range energy ions.5, 32 This must strongly affect the
course of ion-induced pyrolytic processes. This conclusion is, in
particular, supported by the fact that, in contrast to pristine
polyethylene, thermal degradation of radiochemically cross-
linked polyethylene leads to the formation of a solid carbonaceous
phase with pronounced semiconductor properties rather than a
mixture of liquid hydrocarbons.33

Radiolysis products are involved in the intra-track pyrolytic
processes or are accumulated within the implanted layer to be
consumed at later stages of ion irradiation. High-temperature
pyrolysis in the track and its immediate vicinity is accompanied by
scission of polymer chains. This provides the possibility of
cyclisation of radiochemically generated unsaturated linear
chain fragments by the intramolecular Diels ±Alder mechanism
(aromatic hydrocarbons are much more stable than linear unsa-

Table 1. Relative yields of molecular products formed during irradiation
of polymer surface with 200 keV He+ ions.1, 24

Molecular species Polyethylene Polystyrene Polyimide

(fragment)

H2 1 a 1b 1

CH4 0.02 0.01 7
C2H2 0.11 0.53 0.05

C3H5 0.01 0.004 7
C6H6 7 0.013 7
CO 2

CO2 1

Note. All values were normalised to the yield of dihydrogen.
a The absolute yield is 4.8 hydrogen molecules per 100 eV adsorbed by the

polymeric target.1

b The absolute yield is 1.15 hydrogen molecules per 100 eV adsorbed by

the polymeric target.1
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turated hydrocarbons at temperatures above 800 8C). As the track
is cooled down, the newly formed aromatic fragments and
analogous fragments present in the pristine polymer and released
upon thermoradiolysis are linked together, thus being stabilised
due to extension of the conjugation system.3

According to data from mass-spectrometric analysis, the
exhaust gases evolved during ion implantation include hydrogen
and hydrocarbons with different molecular masses.1, 24, 34

Usually, the most abundant product is acetylene which is the
most stable acyclic unsaturated hydrocarbon at high temper-
atures. Large amounts of saturated hydrocarbons (methane,
ethane) are produced by ion irradiation of polypropylene and
polybutylene.34 Despite the fact that the exhaust rate of the gases
evolved can be as high as hundreds ofmetres per second,16 most of
them have no time to leave the heating zone during the dispersal
time of the thermal spike. Evidently, a fraction of these hydro-
carbons can react before escaping the track region; however, the
contribution of such processes to the formation of the end
products of thermoradiolysis is still to be clarified.

In deeper stages of ion implantation, polynuclear compounds
(in essence, they represent primary carbon-containing cluster
structures) and other thermoradiolysis products (unsaturated
compounds, stable macroradicals) formed in the track region are
involved in the growth of carbon clusters. For both aliphatic and
aromatic polymers irradiated by ions with medium energies
(hundreds of kiloelectron-volts) carbonisation of their surfaces
nearly goes to completion at implantation doses of 561015 to
1016 cm72 and subsequent ion bombardment causes only slight
changes in the composition of the implanted layer.35, 36 Note-
worthy is that no full carbonisation of the polymer surface occurs.
For instance, implantation of polyethylene with 150 keV F+ ions
(Se/Sn& 5) leads to an increase in the concentration of carbon in
the implanted layer from 33% (in the pristine polymer) to 40%.35

The extent of dehydrogenation of ion irradiated polymers
rapidly increases with increasing energy transferred from the
incident ions by nuclear collisions. In particular, saturation of
carbon concentration in the implanted layer is reached at 65% for
implantation of polyethylene with 150 keV As+ ions
(Se/Sn& 0.3).35 If the electronic stopping mechanism dominates,
dehydrogenation is of low efficiency. This can be rationalised by
delocalisation of excitations over sufficiently large carbon clus-
ters. Direct cleavage of chemical bonds upon nuclear collisions is
more efficient to provide deep dehydrogenation of the polymer
matrix. The extent of carbonisation that can be reached in this
case is first of all controlled by the trapping of hydrogen radicals
by broken carbon bonds. A profound dehydrogenation (concen-
tration of bound hydrogen less than 10%) can be achieved with
electronic deposition mechanism when ions with energies of
several tens of MeV are implanted in a polymer target.21 In this
case, the formation of broken bonds, due to migration of
excitations, is concentrated at the edges of growing carbon clusters
and carbonaceous phase produced by high-fluence implantation
exhibits the Raman spectrum similar to that of ion-implanted
graphite.21

Implantation of high-energy ions can provide prerequisites for
intra-track formation of fullerenes C60 and C70 . This is supported
by the results of mass-spectrometric analysis of gaseous products
evolved during implantation of poly(vinylydene chloride) with
ions with energies of the order of several tens of megaelectron-
volts 37 and by the data of chromatographic analysis of the
products extracted from the ion-implanted layer on the surface
of polyimide irradiated with 5 MeV Li+ ions.38, 39 Taking into
account modern concepts of the mechanism of fullerene forma-
tion in plasma (vapour phase),40 ± 45 one can assume that the
synthesis of bulky carbon structures involves coalescence of
polycyclic radicals (e.g., combining of six perdehydronaphthalene
radicals to yield the C60 molecule 45). This must be favoured by
shrinking of the reaction volume upon track `collapse'.44 Full-
erene formation can also occur via polyynes 43 (products of deep
dehydrogenation of polymers or intra-track conversion of

acetylene) which lose their stability as the molecular chain is
lengthened. This reaction is to be exothermic, since the enthalpy of
formation of polyynes (27 kcalmol71 per carbon atom 46) ismuch
larger than that of fullerene (9.08 kcal mol71, see Ref. 47).
Accumulation of alkynyl groups in the polymer matrices irradi-
ated with high-energy ions 48 suggests the possibility of polyyne
formation during ion implantation.

The composition of the polymer matrix can strongly affect the
composition of the products of ion-induced thermoradiolysis.
This can be best exemplified by halogenated polyolefins. Ion
irradiation of perfluorinated polyolefins results in lower unsatu-
rated perfluorocarbons (C2F4 , C2F6) as major gaseous products
since the energy of theC7Fbond is higher than those of theC7H
and C7C bonds.24 Because of this, detectable carbonisation of
ion irradiated polytetrafluoroethylene (PTFE) can be reached
only at very high doses 49 while the implantation is accompanied
by erosion of the polymer sample 50 (up to perforation 24). Ion
bombardment of partially halogenated aliphatic polymers causes
radical-induced dehydrohalogenation1,18, 23, 27 accompanied by
dehydrogenation and evolution of acetylene (Table 2). Accumu-
lation of double bonds in the polymer matrix accelerates dehy-
drohalogenation and the newly formed polyenes are involved in
the formation of the carbonaceous phase. It is believed that
efficient ion-induced carbonisation of poly(vinyl chloride) 1, 18 is
favoured by the fact that thermolysis of this polymer can occur at
low temperatures (*200 8C, see Ref. 51).

Ion-induced thermoradiolysis of organosilicon polymers leads
to gradual accumulation of {SiO4} clusters at the irradiated
surface due to the lack of efficient mechanisms of silicon sub-
limation. The loss ofmost ofmethyl groups in polymethylsiloxane
as the result of bombardment with 5 keV Ar+ leads to the
formation of carbon ± silicate composite, the composition of
which varies from Si1.3CO2.0 at the surface to Si1.5CO2.5 in the
depth, with silicon atoms in this composite being directly bound to
oxygen ones.52 Noteworthy is that implantation of a copolymer of
polydimethylsilane and methylphenylsilane, [*Si(CH3)27
SiPhCH3*]n, with 2 MeV Ar+ ions leads to the formation of
silicon carbide as a result of cleavage of the Si7Si and C7H
bonds and by elimination of methyl side groups.53

Depending on themechanism of energy deposition by incident
ions to the polymer matrix, strongly different thermoradiolysis
can be induced. The distinctions are due to the fact that nuclear
collisions involve direct nonselective (in essence, random) break-
age of chemical bonds, whereas an electronic excitation can
migrate over a rather long distance during the lifetime of the
excited state (*10712 s) (according to calculations for an ali-
phatic chain,54 the mean path length of electronic excitation can
amount to 100 monomer units) and therefore energy deposition
by `electronic' stopping implies scission of the weakest bonds. This
makes possible selective initiation of chemical reactions in the
polymer matrix, especially in the case of ion irradiation of
heterochain polymers.

Table 2. Relative yields of molecular products formed during irradiation
of polytetrafluoroethylene 24 and Tefzel (copolymer of ethylene and
tetrafluoroethylene) 23 with 200 keV Si+ ions.

Product PTFE Tefzel

H2 7 4.34

C2H2 7 0.87

HF 7 3.91

C2F4 1 1

C2F6 2.05 a 0.35 a

Note. All values were normalised to the yield of C2F4 .
aDetermined from the yield of the CF�3 fragment detected in the mass

spectrum.

Chemical aspects of implantation of high-energy ions into polymeric materials 317



Implantation of polyimide with 90 keV N+ ions or 150 keV
Ne+ ions (Se/Sn>6.5) leads to cleavage of bonds between
aromatic rings 55 and to transformation of imido groups into
amido groups without fragmentation.56, 57

This process occurs simultaneously with dehydrogenation of
polyimide and causes the loss of some carbonyl groups 58 accom-
panied by the evolution of CO (major gaseous product formed
during ion irradiation of polyimide).24

A feature of the irradiation of aromatic poly(ether sulfone)
under analogous conditions (Se 44 Sn) is the fast transformation
of sulfone groups into sulfoxide ones and then, at high fluences,
into sulfide groups in the reactions involving mobile radical
species H

.
.6, 59

During ion irradiation of aliphatic polysulfones the reduction
of sulfone groups and their elimination in the form of sulfur
dioxide occur in comparable yields.60

The formation of hydroxy groups in the polymer matrix was
revealed in the study of low-dose ion implantation of poly(ethyl-
ene terephthalate) (PETP) under conditions where the electronic
stopping prevails.61

This allows rapid accumulation of unsaturated groups in the
ion-implanted layer on the PETP surface [these groups are
accumulated in PETP faster than in, e.g., poly(butylene tereph-
thalate) 62]. Ion-induced processes occurring during bombard-
ment of PETP by high-energy ions (with energies of the order of
several tens of megaelectron-volts and, correspondingly, with
large Se values) proceed by the same mechanism.63 Implantation
of this material with ions with energies of the order of several
hundreds of megaelectron-volts leads to profound dehydrogen-
ation of the irradiated polymer, accompanied by accumulation of
alkynyl groups in the ion-implanted layer.48 Peculiar to polystyr-
ene and polyimide implanted in this regime is the formation of

groups containing triple bonds [e.g., isocyanate (7N=C=O)
and cyanate (7O7C:N) end groups for polyimide].48

Thus, if energy transfer to the polymeric target is mainly by
electronic excitations, the bridging bonds are broken and func-
tional groups undergo transformations (as a rule, towards the
reduction of heteroatoms), whereas aromatic fragments remain
intact and can be involved in the formation of polycyclic fused
structures. Heterocycles with asymmetrical delocalised p-electron
systems are much less stable. For instance, experiments on
electron beam irradiation of poly(2-vinylpyridine) (in this case,
energy is deposited in the polymeric target solely by electronic
excitations) showed that the pyridine ring rapidly breaks down
with the formation of amino groups 64 in contrast to the aromatic
rings in polyimide that are stable under these conditions.6, 64

A consequence of the increased contribution of a collision
term to the overall energy loss of the stopping ions is the change in
the character of processes occurring in the polymeric target. In
particular, destruction of highly stable aromatic rings is made
possible. For instance, irradiation of aromatic poly(ether sulfone)
with 50 keV As+ ions (Sn/Se=5.6) causes not only the trans-
formation of sulfone groups, but also the release of acetylene and
the formation of 1,4-substituted butadiene.65 Similarly, implanta-
tion of polyimidewith ions that lose their energymostly by nuclear
collisions is accompanied by breakage of aromatic rings and
formation of acetylene 24 and by nonselective degradation of
imido groups resulting in the formation of various products
(Fig. 1).6, 66 ± 68 Similar products were also detected during in
vacuo thermal decomposition of polyimide.67 However, their
concentrations are substantially different from those in the ion-
implanted layer (see Fig. 1) because these products are formed in
two different ways, viz., in the course of several concurrent radical
processes (ion implantation) and in consecutive chemical trans-
formations of the polymer matrix (thermal decomposition).

The overall picture of the processes occurring during ion-
induced thermoradiolysis of heteroatom-containing polymers can
be described as follows. Until build up of a certain implantation
dose corresponding to Df (a single track regime) the polymer
matrix undergoes dehydrogenation and some other unambigu-
ously identifiable chemical transformations. The pathways of
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these processes are first of all determined by the ratio of energy
transfer from the implanted ions by electronic excitations and by
nuclear collisions. Within this implantation dose, the overall
concentration of heteroatoms in the ion-implanted layer (nitrogen
atoms in irradiated polyimide 6, 67 or sulfur atoms in irradiated
polysulfone 6, 59) can remain virtually constant (Figs. 1 and 2)
while the energy of the implanted ions is expended for structural
rearrangement of the polymer.6 Aromatic fragments released in
this stage are fused to form `pre-carbon' structures. These proc-
esses can occur involving the heteroatoms incorporated into the
pyridine, pyran and thiopyran rings. Because of this, a large
fraction of heteroatoms (first of all, sulfur and nitrogen) is
retained in the implanted layer in chemically bound form even at
high implantation doses.6

IV. Peculiarities of the morphology and properties
of ion-implanted layer

Electron microscopy studies of ion-implanted polymers revealed
the formation of carbon aggregates of a size up to several tens of
nanometres in polymeric targets implanted with high doses.23

Using the small-angle neutron scattering technique, it was estab-
lished that these aggregates are comprised of small carbon
clusters.69 In particular, it was found that high-dose irradiation
of PETP films with 50 MeV B+ ions leads to the formation of
nanoclusters of size 6 to 7 nm separated by *13 nm and united
into spherulites of diameter up to 50 nm in the implanted layer.69

This is consistent with the results obtained by optical spectro-
scopy, according to which the build up of implantation dose is
accompanied by a shift in the edge of the optical absorption band
of the irradiated polymer towards the long-wavelength region due
to extension of the conjugated system in the growing carbon
clusters. The magnitude of the shift indicates that the size of the
clusters formed during implantationwithmedium energy ions is at
most several nanometres.70 ± 72 Using an approach developed for
amorphous carbon,73 the mean size of a carbon cluster grown in
the implanted layer can be estimated as follows:

Eg=2jbjN70.5,

where Eg is the optical gap, b is the resonance integral (according
to EHT calculations, b=2.9 eV) and N is the number of rings in
the compact two-dimensional carbon cluster (fragment of graph-
ite sheet). As the implantation dose D increases, the Eg value
exponentially decreases 71, 72

Eg=Eg 0+Aexp (7ZD),

where Eg 0 is the energy gap corresponding to the largest clusters
that can grow under the given implantation regime, Z is the cross-
section of the growth reaction of carbon clusters and A is a
constant. The growth rate of the carbon nanophase and the Z
value depend first of all on the nature of the polymer,71 while the
Eg 0 value is mainly determined by the mass and energy of ions
implanted.3, 72 Implantation of light ions with energies ranging
from 100 to 300 keV into polyolefins and polystyrene saturates
the Eg values at 0.6 eV,70 ± 72 which corresponds to clusters with a
mean size of 2.7 nm (*75 rings). Peculiar to the irradiation of
polyamide-6 under analogous conditions is the formation of
smaller clusters (N* 60, Eg=0.76 eV, see Ref. 72). The fact
that there exists a limiting size of carbon clusters for a given
implantation regime can be rationalised 3, 72 by delocalisation of
the energy of incident ions over the carbon network and by
expenditure of this energy for cleavage and formation of carbon
bonds accompanied by trapping of the H

.
radicals. Not counting

subtle details, this produces no significant variations in the
medium-range order of the implanted layer. In this case, an
increase in the implantation dose causes gradual growth of small
carbon clusters up to the limiting size.70 For polyamide-6, the
formation of smaller carbon clusters is a result of the incorpo-
ration of a heterocyclic nitrogen atom into the growing cluster
(due to, e.g., the formation of pyridine rings).72 The outermost
heteroatoms cannot play the role of nucleation sites of the carbon
clusters and their presence in the clusters reduces the size of
extended regions of the p-electron conjugation system and, as a
consequence, the effective size of carbon clusters determined from
electronic spectra.3, 72

An increase in the size and concentration of carbon clusters in
the ion-implanted layer with the implantation dose is accompa-
nied by an increase in the concentration of paramagnetic centres
(radicals stabilised by delocalisation of their p-electrons over the
p-electron system of the carbon nanophase).25, 65, 74, 75 There is a
correlation between the increase in the ESR signal during implan-
tation and completion of dehydrogenation of the polymer
matrix.17, 29 At high implantation doses where the possibilities of
further carbonisation are exhausted the prerequisites are created
for compensation of the terminated carbon bonds by their
recombination that results in the decrease of spin concentra-
tion.17, 29, 65, 74, 76, 77 This effect can be readily traced for poly-
imide,29 polyacrylonitrile 74 and other polymers containing a large
number of groups that can be efficiently fused during thermo-
radiolysis. Aliphatic polymers are characterised by a much lower
yield of carbon clusters compared to polymers with conjugated
bonds. In this case, the spin concentration plotted as a function of
implantation dose exhibits no extremum (Fig. 3) even at high
fluences (1017 cm72).75, 78 As the dose increases, the ESR line
becomes narrower due to extension of the p-electron conjugated
system in the ion-implanted layer.29, 74, 78 Studies of temperature
dependence of the ESR linewidth and of the effect of oxygen
pressure on the ESR spectrum revealed the formation of quasi-
two-dimensional degenerate electron gas in the carbonaceous
layer on the surface of heavily implanted polymers
(D>261016 cm72 for polyethylene and polyimide irradiated
with 100 keV B+ ions).75, 78, 79

A salient feature of themorphology of the ion-implanted layer
is the presence of nanopores that are formed along the trajectories
of projectiles. Poremouths can be clearly seen in, e.g., atomic force
microscopy images of the PETP surface irradiated with low doses
of heavy high-energy ions.80 Implantation of low-energy
(100 ± 200 keV) ions is also accompanied by the formation of a
developed pore system. This is indicated by the possibility of
spontaneous incorporation of molecular iodine from the vapour
phase 81, 82 and Pb2+, Fe3+, K+ and Cl7 ions (see Refs 83 ± 85)
and some bulky molecules (a carborane complex of cobalt,86

amino acids 87) from aqueous solutions into the implanted layer
and by the possibility of extension of the oxidation of radical
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centres across the whole width of the implanted layer.35, 88 ± 90

Sometimes, changes in the polymer density along the track of the
implanted ion are insufficient to ensure the pore formation. In this
case, slow oxygen diffusion via ion-induced defects occurs along
the so-called latent tracks (the regions in which locally reduced
density appeared in the polymer matrix during passage of an ion).
For ion irradiated polypropylene, the oxidation front propagates
in the implanted layer with a velocity which does not exceed
461075 nm s71 and complete oxidation takes several weeks,35

whereas the oxidation of polyethylene irradiated under the same
regime is completed virtually immediately after the vacuum±open
air transition.35 According to IR spectroscopy data, oxygen
fixation in the ion-implanted layer is accompanied by the for-
mation of carbonyl 88, 91 and hydroxy groups.92

Trapped oxygen is accumulated in the domains with high
density of the broken carbon bonds formed during implantation;
therefore, the character of oxygen distribution in the irradiated
polymer contains information on the structure of the implanted
layer.3, 35, 89, 93 Rutherford backscattering spectroscopy studies
showed that the concentration of trapped oxygen in the irradiated
polyethylene monotonically increases during ion irradiation 90

and reaches a maximum value at fluences of (1 ± 5)61014 cm72

for heavy ions 35, 93 and at 561015 cm72 for light ions.88 The total
amount of oxygen assimilated within the implanted layer can be
rather large (the concentration of oxygen in polyethylene irradi-
atedwith 150 keVF+ ions at a fluence of 561015 cm72 is 0.24 per
carbon atom 88). Using the depth profiles of oxygen trapped in the
implanted layer, it was found that the role played by the
`electronic' and `nuclear' stopping mechanisms in the generation
of dangling carbon bonds is dependent on the implantation
dose.88, 93 If a pristine or slightly dehydrogenated polymer is ion
irradiated, the formation of free valences in the growing carbona-
ceous phase is first of all a result of `electronic' energy loss. If a
partially carbonised polymer is implanted, the carbon bonds are

mainly broken by nuclear collisions, whereas the energy trans-
ferred to the irradiated polymeric target by electronic excitations
dissipates in carbon structures or is expended for their rearrange-
ment. Therefore, even for irradiation with heavy ions character-
ised by large Sn/Se ratios the oxygen depth profile reconstructed
from the Rutherford backscattering spectra corresponds to the
`electronic' loss distribution at low fluences (*1014 cm72) and to
the `nuclear' loss distribution at higher fluences.3, 88, 93

At high fluences, a well-developed carbonaceous phase can
form by linking individual carbon clusters. In this case, the
concentration of oxygen scavengers substantially reduces and
the concentration of oxygen in the implanted layer and the yield
of carbonyl groups per implanted ion rapidly decrease as fluence
increases.93 The minimum concentration of trapped oxygen in the
implanted layer corresponds tomaximum enrichment of this layer
with carbon as a result of ion-induced thermoradiolysis.89 It
should be noted that in polyethylene and polyamide-6 heavily
implanted with medium-range energy (100 ± 200 keV) light (e.g.,
B+, see Refs 94 and 95) and heavy (e.g., Sb+ andAs+, see Refs 3,
89, 93) ions the spatial region of maximum carbonisation is
beneath the polymer surface.75, 95, 96 This can be illustrated by
the depth profile of the relative concentration of carbon in the
near-surface layer and by the presence of an additional maximum
of the concentration of trapped oxygen on the surface of irradi-
ated samples (in this case, the oxygen depth profile exhibits two
peaks, see Fig. 4). The `buried' carbonaceous layer is separated
from the surface by a layer of non-carbonised, radiation damaged
polymer.75, 94, 96 This effect can be rationalised by higher heat
release at the track ends of implanted ions and by lateral spread of
the thermoradiolysis zone within the collision cascade region.3

Rutherford backscattering studies of the implant distribution
(for implantation with heavy ions) and neutron depth profiles (for
implantation with light ions) showed that sometimes high pene-
trability of the implanted layer allows the implant to diffuse out of
the irradiated polymer. The pore system produced by the tracks of
implanted ions provides conditions for specific gas transport
reactions. In these situations the implant is either not detected 97, 98

or the experimental depth profile differs from the corresponding
calculated depth profile to such a high extent 99, 100 that this can be
explained by neither changes in the polymer density due to
carbonisation and ion-induced erosion of the surface of the
sample nor by backscattering of ions at high fluences. These
effects are observed if the implant is incapable of bonding to the
polymer matrix or if the interaction between the implant and
matrix results in volatile products (here, heating of the polymeric
target to moderate temperatures is sufficient for complete sub-
limation of the implant). This is characteristic of, e.g., implanta-
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tion of noble gas ions 97, 98 and F+ ions in polyolefins.88 In the
latter case, volatile fluorocarbons are formed. Volatile com-
pounds are also formed during implantation of PTFE with Sb+

ions, which is accompanied by sublimation of antimony fluo-
rides.49 However, if the flux of implanted ions is rather low, the
noble gas ions are retained in the polymeric target (e.g., Xe+ ions
in poly(ether sulfone),21 Kr+ ions in polyimide 101), but they
diffuse out of the ion-implanted layer with time.102

In the case of implantation of polymeric targets cooled down
to 90 K, the depth profile of noble gas ions (in particular,
xenon 103) matches the corresponding calculated depth profile to
an accuracy of 10%.

Diffusion of low-molecular-mass compounds formed in the
interaction of thermalised implanted ions with the polymermatrix
(including the interaction on storage) can have a significant effect
on the spatial distribution of the implant. For instance, phospho-
rus implanted into a molecular film based on a dianthrylidene
derivative of g-substituted pyrone diffuses towards the surface of
the irradiated sample (probably, in the form of phosphines). The
interaction with dioxygen causes phosphorus fixation in the form
of corresponding oxides.104 As a result, the phosphorus depth
profile in the implanted layer appears to be bimodal. The first
maximum corresponds to medium projected range of the
implanted ions while the second maximum is at the surface of
the sample.104 High mobility is also characteristic of implanted
lithium (the form in which lithium is transferred is unknown). A
fraction of lithium ions diffuses towards the surface of irradiated
polymers.105, 106 Substantial redistribution of boron implanted
into various polymers is illustrated by Fig. 5. According to XPS
data, the boron escaped from the polymer bulk is oxidised.108 The
formation of volatile alkylboron compounds during implantation
of boron ions has been suggested;3 this is indicated by the fact that,
according to cryochemical atomic-beam experiments,109 elemen-
tal boron readily reacts with hydrocarbons. The interaction with
dioxygen and atmospheric moisture results in volatile oxidised
alkylboron compounds and alkylboric acids. This is responsible
for the possibility of thermally induced desorption of implanted
boron 110 and for complete disappearance of boron from the
implanted layer upon long-term storage.97

Obtaining mobile implant at low fluences implies that the
stopping ions transfer to the polymer a rather high energy
(15 ± 20 eV �A71, see Ref. 105) which is sufficient for occurrence
of efficient thermoradiolysis and provides a necessary decrease in
the density of the material of the polymeric target within the track
region of implanted ions. Under these conditions, diffusion occurs

nearly completely along ion tracks.106 On the other hand, the
formation of developed carbonaceous phase in heavily irradiated
polymer samples creates a barrier to diffusion of the implant
towards the surface.111

The reduction conditionswhich are created in the surface layer
during the bombardment of a polymeric target by metal ions
favours the formation of metal nanophase.112 This process was
studied taking polymethylphenylsiloxane and epoxy resins
implanted with Ag+, Fe+ and Co+ ions as examples (see
Refs 113 ± 118). It was found that the morphology of the newly
formed metal nanophase is to a great extent controlled by the
viscosity of the polymer matrix. Ion implantation of polymers in
the viscous-flow state is accompanied by the formation of spher-
ical nanoparticles with narrow size distribution, while transition
of the polymer matrix to the glassy state leads to the formation of
facet metal structures in the implanted layer .114 Spherical metal
nanoparticles are also formed in polyimide implanted with
150 keV copper, zinc and silver ions in high doses [D =
(1 ± 5)61017 cm72],119, 120 whereas the implantation of polyimide
with W+ ions causes the formation of a tungsten carbide nano-
phase.121

A consequence of essential structural changes in the polymer
matrix, caused by ion bombardment is a substantial change in the
polarity of the polymer surface (Fig. 6). This can be due to both
degradation of initial (if they exist) and formation of new polar
groups. The latter can be formed either immediately during
implantation (for heteroatom-containing polymers) or as a result
of the oxidation of radical centres due to contact with dioxygen.
For instance, transformation of an imide group into an amido
group during low-dose implantation of 90 keV N+ ions into
polyimide leads to a more than twofold decrease in the polar
component of the surface free energy.56 A decrease in the surface
polarity was also observed in the course of ion irradiation (Sb+,
150 keV) of polyamide-6,49 whereas ion irradiation of PETP (N+,
90 keV) accompanied by transformation of ester groups into
hydroxy groups leads to an insignificant (by 30%) increase in the
surface polarity.61 These rearrangements of the polymer surface
occur at low irradiation doses. Polarity of heavily implanted
samples first of all depends on the presence of carbonyl groups
formed involving uncompensated bonds of carbon atoms at the
boundaries of the carbonaceous phase. For aliphatic polymers
(polyethylene, polypropylene) the formation of carbonyl groups is
the main factor responsible for a substantial increase in the
polarity of the polymer surface at any dose.49, 88 An increase in
the surface polarity of polysiloxanes after ion implantation is due
to the formation of nanodispersed SiO2 phase inclusions in the
implanted layer.52

The sorption properties of irradiated polymers are affected by
the developed system of nanopores in the implanted layer and by
ion-exchange character of the sorption sites inside the pores (the
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adsorption capacity of irradiated polyethylene and polypropylene
with respect to cations is 2 to 5 times higher than with respect to
anions 84, 85).

Carbon-containing species formed during ion implantation
reinforce the polymer surface. In some instances the microhard-
ness of the irradiated surface can be substantially increased (up to
50 to 70 times 122 ± 126). These effects were observed for various
polymers, namely, polyimide,28, 123, 126 polystyrene,122, 123 poly-
ethylene,92, 127 PETP,28 polycarbonate {[*OC6H4C(CH3)27
C6H4OCO*]n},128 partially fluorinated polyethylene,23

poly(ether ether ketone) {[*OC6H4OC6H4COC6H4*]n} 129 and
some other polymers irradiated with different (mostly light and
not too heavy) ions with energies ranging from 100 keV to 1 MeV.
The microhardness of carbonaceous products is first of all
determined by the character of interconnectivity within the carbon
cluster aggregates.20 High microhardness requires that the inci-
dent ions deposit their energy mainly by electronic excitations
(this provides the formation of carbon clusters) and the energy
loss by nuclear collisions be relatively small. Though nuclear
collisions are responsible for the formation of random links
between the clusters, a general trend is towards an increase in the
microhardness with an increase in the relative weight of energy
loss by electronic excitations (Fig. 7).122, 130 However, since the
displacement energy of an sp3-hybridised carbon atom (80 eV for
diamond) is much higher than that of an sp2-hybridised carbon
atom (30 eV for graphite),5 one can expect that nuclear collisions
lead to gradual accumulation of domains with predominant sp3-
hybridisation of carbon atoms and increasedmicrohardness of the
ion-implanted layer.

One of the most important consequences of ion implantation
is the onset of conductivity of initially dielectric polymers. It is of
great importance that the conductivity of irradiated polymers is
due to the formation of carbon-containing structures in the
implanted layer rather than ion doping. Therefore the conductiv-
ity, which is proportional to the optical absorption of the carbona-
ceous phase,131 only indirectly depends on the nature of implanted
ions, being mainly determined by the energy loss during the
stopping of ions.1, 17, 21, 129 Since the conducting phase in the ion-
implanted layer is formed by discrete carbon clusters and their
associates, the onset of conductivity in an irradiated polymer upon
build up of implantation dose has a threshold character (see
Fig. 3) and the transition from dielectric to conductor can be
considered as percolation transition.5, 17, 29, 132 The dependence of
the dc conductivity, s, on the implantation dose is given by the
formula:1, 17, 29, 132

s* (D7Dc) t,

where Dc is the critical dose corresponding to the percolation
threshold.

Thermoradiolysis in the implanted layer occurs under con-
ditions of gradual coverage of the surface of polymeric target with
ion tracks. Nevertheless, the formation of an infinite conducting
cluster is, as a rule, observed at implantation doses corresponding
to a smaller fraction of the surface covered with ion tracks
compared to those predicted by the two-dimensional percolation
problem. For instance, the percolation threshold for polyimide
irradiated with 500 keVN+ ions corresponds to a coverage factor
of 0.3 (see Ref. 29), whereas theory predicts that percolation in an
ideal two-dimensional system must occur at a critical coverage of
*0.45. This suggests some ordering in the carbonaceous phase
and is also supported by large values of the exponent t in the
above-mentioned formula for the polymers that are prone to form
carbon clusters [polyimide,29 polyacrylonitrile,17 poly(2,6-dime-
thylphenylene oxide),17 molecular films based on perylene deriv-
atives 18]. In this case, the t values estimated from the slope of the
linear dependence logs* log(D7Dc) can be as high as 4 ± 5 if
energy deposition during implantation occurs mainly by nuclear
collisions and even as high as 7 ± 8 if the electronic stopping
prevails. On the other hand, for poorly carbonised polyethylene
irradiated with 100 keV B+ ions the percolation threshold corre-
sponds toDc=1.561015 cm72 (i.e., in this case,Dc>Df) and the
exponent t in the above-mentioned formula does not exceed a
value of 2.75, 133

As the irradiation dose increases, a system of conducting
`islands' separated by potential barriers is formed within the
implanted layer.1, 18, 134 The nanostructured carbonaceous phase
formed in the immediate vicinity of the percolation threshold
acquires semiconductor properties.135 Studies of temperature
dependence of the conductivity of some irradiated polymers
[polyethylene, poly(ether ether ketone),21, 136 etc.] showed that
the formation of developed carbonaceous phase at high implan-
tation doses causes transition from one-dimensional to three-
dimensional conductivity. A similar phenomenon was observed
for polyimide heavily implanted with 90 keV N+ ions 56 and for
polyamide-6 irradiated with 150 keV Sb+ ions.49 For polymers
which are prone to undergo carbonisation during irradiation [e.g.,
poly(p-phenylenebenzobisoxazole), poly(p-phenylenebenzobis-
thiazole), poly(benzimidazobenzophenanthroline)], the con-
ductivity of the ion-implanted layer formed at high implantation
dose (Kr+, 200 keV, D=461016 cm72) is close to the metal
conductivity.137, 138

At implantation doses close to Dc , the conductivity of
implanted polyethylene can be increased by 3 orders of magnitude
by diffusion doping with molecular iodine.80 However, the doping
effect is unstable and ion-implanted polyethylene takes the initial
value of the electrical resistance much faster than changes in the
concentration of the trapped iodine diffusing out of the implanted
layer occur.139 It should be noted that it is difficult for molecular
iodine vapours to penetrate the implanted layer in heavily
irradiated polymers due to destruction of the system of track
channels caused by the formation of the carbon nanophase.81, 139

Doping of irradiated polyethylene with FeCl3 84 and treatment of
ion-implanted polyimide with molecular chlorine lead to an
increase in the conductivity by two orders of magnitude (despite
the fact that addition of chlorine to some unsaturated bonds
occurs simultaneously in the latter case).140

The conductivity of the implanted layer is strongly dependent
on the peculiarities of the morphology of the carbonaceous phase
(the size of carbon clusters, character of their linking in aggre-
gates, the presence of heteroatoms). As a result, the electrical
resistance of different polymers that were ion implanted under the
same conditions can differ by several orders ofmagnitude, e.g., the
specific resistance of polyethylene and polyimide irradiated with
1 MeV Xe+ ions (D=1016 cm72), is 6.861073 and 30 O cm,
respectively (see Ref. 55). The conductivity of the implanted layer
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is also determined by the implantation regime and, in particular,
by the energy of the implanted ions, by the presence (or absence) of
forced cooling of the polymer sample (polyimide films irradiated
in the absence of forced cooling have lower electrical resistance
than those irradiated in the presence of forced cooling 141), film
thickness (thick films exhibit lower conductivity due to efficient
cooling of the implanted layer during irradiation 25). Nevertheless,
a general trend is towards an increase in the conductivity of
irradiated polymers with increasing energy of implanted ions. The
highest conductivity is observed if energy deposition by incident
ions occurs mostly by an `electronic' mechanism.21, 65, 123, 130, 142

V. Prospects for practical applications of ion-
implanted polymers

Initially, interest in studies of the effect of ion irradiation on
polymers was due to fabrication of resists (both negative and
positive) for lithographic processes with submicron resolution.
Detailed reviews concerning the cross-linking ± chain scission
effects observed at very low implantation doses (1011 ±
1012 cm72) and responsible for changes in the solubility of
irradiated polymers have been reported.1, 143 On the other hand,
the possibility of initiation of essentially different radiolytic and
thermoradiolytic processes (cross-linking ± fragmentation of
polymer chains at low implantation doses, transformations of
functional groups at implantation doses comparable with Df and
carbonisation of polymers at high implantation doses) by ion
irradiation allows control of the sorption, tribological, optical and
conducting properties of the polymer surface. This opens up new
fields of practical applications of polymeric materials.

Implantation of PETP with heavy high-energy ions is accom-
panied by the formation of latent tracks in the polymer. This
makes possible perforation of polymer films 10 ± 20 mm thick by
hydrolytic etching and fabrication of membranes with a control-
lable number of identical pores.144 ± 146 The pore diameter can be
varied over a wide range (0.01 ± 5 mm) by varying the duration of
etching. Studies of the character of energy loss of a-particles in
perforated PETP films obtained using this procedure allowed one
to trace the changes in the shape of membrane channels in
different stages of etching.147 It was found that the channels
have rather long cylindrical sections (up to 2/3 of the overall
thickness of the polymer film) that are transformed into conical
pore mouths.147 Cylindrical channels with smooth walls can also
be formed by etching ion irradiated polyimide in the presence of
hydrogen peroxide 148 and hypochlorites.149 On the other hand,
typical of many polymers [e.g., poly(methyl methacrylate),148

polycarbonate,146 etc.] is the formation of channels with irregular
shape and broad size distribution. High uniformity of etching
channels in PETP is due to some features of latent track struc-
ture.146, 150, 151 The track core, which is atmost several nanometers
in radius, represents a degraded, rapidly soluble polymer contain-
ing a large number of isolated pores 152 and surrounded by a shell
of radiochemically cross-linked polymer.80, 146, 150 The shell diam-
eter is 50 to 60 nm for implantation of xenon ions (1 MeV per
nucleon) and is much larger than the penumbra diameter.80, 150

This can be explained by the formation of cross-links due to
recombination of macroradicals formed in the interaction of
polymer chains with knock-on hydrogen atoms 146 (including
those formed as a result of hydrodynamic shock accompanying
the passage of high-energy heavy ions 153). Probably, high spatial
selectivity of etching is to some extent due to ordering of the
polymer structure as a result of reorientation of the macro-
molecules along the ion tracks.63 It should be noted that forced
orientation of polymer molecules along the direction of ion flux
can be observed not only during implantation of high-energy ions,
but also in the case of ion irradiation with energies of the order of
several kiloelectron-volts 154 at a fluence of*561015 cm72.

The formation of surface pores, changes in the polar compo-
nent of the surface free energy and the appearance of specific
adsorption sites as a result of ion bombardment can have both

positive 52, 155 ± 162 and negative 156 effects on the efficiency of
adsorption of living cells on the polymer surfaces (e.g., polystyr-
ene,156, 158, 159 polyurethane,160, 161 polymethylsiloxane,52 colla-
gen,156, 162 etc.). This opens up new possibilities of control of
biocompatibility of polymeric materials. As a rule, cell adsorption
efficiency nonmonotonically depends on the implantation dose
(i.e., it is determined not only by the effects of changes in hydro-
philicity) and reaches amaximum value at implantation doses that
are somewhat lower thanDf.158, 160 It was also shown that changes
in the dynamics of plasma protein adsorption on the surface of
silicon rubber induced by irradiation with 150 keV H�2 , N

�
2 , Na+

and Ne+ ions leads to nearly complete suppression of thrombo-
genicity.163

At low ion implantation doses, the refractive index, n, of a
polymer increases with the polymer density. In some instances a
relative increase in the refractive index can be substantial. In
particular, poly(methyl methacrylate) is known to lose methoxy
groups upon ion irradiation and undergo gradual transformation
into an analogue of cross-linked polyethylene.164 For this poly-
mer, theDn/n ratio can be as high as 0.3 (seeRefs 165 and 166) and
the dependence of the refractive index on the implantation dose is
nearly linear up to D& 1015 cm72. At higher doses, the polymer
becomes turbid due to carbonisation.166 This allows the formation
of light guides and other optical devices (couplers, interferome-
ters) on the polymer surface.167 ± 169 It is of great importance that
the use of high-energy ions characterised by a shift of maximum
energy loss towards the track end allows fabrication of `buried'
(including crossed) light guide structures at a depth from several to
several tens of micrometres under the surface of a polymer sample
(depending on the energy of implanted ions).167, 170

Fabrication of nonlinear optical devices in the form of metal
particles dispersed in a dielectric matrix 171 by implantation of
polymer with corresponding metal ions is a difficult task since the
optical density of the polymeric host increases with the implanta-
tion dose. On the other hand, one can expect that the formation of
a metal nanophase during ion irradiation of the polymers con-
taining chemically bound metal ions will occur at low implanta-
tion doses.

As mentioned above, carbonisation of polymers at high
implantation doses leads to a substantial increase in their micro-
hardness,28 which can be as high as 22 GPa 123 (cf. a value of less
than 12 GPa for martensite steel) and is comparable with the
hardness of diamond-like carbon films. The best results were
obtained in the case of simultaneous implantation of ions with
different mass and energy, i.e., characterised by different pene-
tration depth and responsible for different degrees of carbon-
isation of polymers.28 An increase in hardness of the surface of
implanted polymers [polyimide,123, 126, 172 polystyrene,122, 123

polycarbonate,128, 173 pristine 92, 127 and partially fluorinated poly-
ethylene,23 poly(2,6-dimethylphenylene oxide),174 etc.] is accom-
panied by reduction of their electrical resistance 122 and causes
substantial improvement of wear resistance.122, 124 The latter
parameter nonmonotonically depends on implantation dose
since an increase in hardness of the implanted layer makes it
more brittle and causes a gradual decrease in its adhesion to the
polymeric support. The dramatic decrease in the friction coeffi-
cient upon ion irradiation observed for polycarbonate 173, 175 and
poly(2,6-dimethylphenylene oxide) 174 seems to be to a great
extent due to an increase in hydrophilicity of the polymer surface,
which favours the formation of a surface layer of chemisorbed
water with good antifrictional properties.

The carbonised surface layer substantially improves the chem-
ical stability of irradiated polymers towards organic solvents;
however, this layer is porous and therefore provides no perfect
protection of the polymeric support.176High-dose implantation of
low-energy (25 ± 40 keV) Si+, Al+, Y+, Y2+ and Y3+ ions leads
to suppression of erosion of the surface of polyimide, PETP and
some other polymers exposed to a flux of oxygen atoms (under
conditions corresponding to Earth orbit space environment) due
to the formation of a composite oxide-carbon coating.177
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Polymers irradiated to high doses represent an unusual
electrode material, the surface properties of which can vary
depending on the ratio of the concentrations of sp2- and sp3-
hybridised carbon atoms in the implanted layer. Since the carbon
clusters responsible for conductivity of the implanted layer are
small, their oxidation under anodic polarisation observed in the
absence of depolarisers is accompanied by irreversible loss of the
electrochemical activity of irradiated polymers.75 On the other
hand, for initially conducting polymers (polyaniline,178 polypyr-
role,179 polythiophene,180 polybithiophene,181 poly-
ethoxythiophene,182 polyethylenedioxythiophene 182) that lose
their electrochemical activity as a result of degradation of the
p-electron system at low implantation doses (D<1015 cm72) 180

the surface of the polymeric electrode exhibits recovery under
anodic polarisation due to electrochemical oxidation of the
carbonaceous phase.179, 181, 183 The possibility of ion-induced
passivation of conducting polymers towards the processes of
electrochemical polymerisation 181, 183 and electrochemical depo-
sition of metals 179, 180, 182 allows one to change the surface profile
of polymeric electrodes 181 and to form metal patterns with
micrometre resolution.179, 180, 182

The possibility of varying the conducting properties of
implanted polymers opens up new prospects for fabrication of
microelectronic systems including the formation of conducting
strips on the surface of polymeric materials,184 fabrication of
planar resistors with variable electrical resistance which can be
varied over a wide range,2 thermistors and bolometers.2 Ion
implantation can be used for development of more complex
polymer-based electronic devices, namely, diodes and transistors.
It is of great importance for fabrication of polymeric electronic
devices (in particular, p ± n-junctions 185, 186 and conducting chan-
nels of field-effect transistors 187) that many of the initially
conducting polymers with well-developed p-electron conjugation
systems [e.g., poly(p-phenylenevinylene), polyacetylene] 186, 187

exhibit resistance towards ion-induced dehydrogenation. There-
fore, they can be doped by implantation of ions with medium-
range energies (*30 keV). Under these conditions, purely chem-
ical doping of p-type for implantation of iodine ions and of n-type
for implantation of alkali metal ions can be accompanied by the
effects associated with the formation of structural defects in the
polymer matrix (e.g., as a result of electron capture from the p
valence band of polyparaphenylene by the lower-lying sp2-elec-
tron energy levels corresponding to dangling bonds of carbon
atoms 188). The possibility of fabrication of unusual electronic
switching devices (analogues of field-effect transistors 3, 75, 94, 96)
based on implanted, initially dielectric polymers (polyethylene,
polyamide-6) with a `buried' carbonaceous phase separated from
the surface by a dielectric layer *10 nm thick was also demon-
strated. This layer can be made more uniform by electrochemical
polymerisation of dielectric poly(o-phenylenediamine) in the
pores of the implanted layer.75 The spatial characteristics of this
structure allow the `buried' layer to act as a conducting channel of
the field-effect transistor. The ac resistance of such a channel
changed bymore than four orders of magnitude upon applying an
external electric field.3, 75, 94

VI. Conclusion

The above-mentioned experimental results indicate that ion
irradiation of polymers causes some specific phenomena that
currently should be considered within the framework of a special
division of high-energy chemistry. Ion-induced processes in poly-
meric targets represent a kind of pulse thermoradiolysis which
occurs in the subnanosecond time scale and sometimes under
conditions of massive (`non-thermodynamic') breakage of chem-
ical bonds by nuclear collisions. The energy deposited by the
incident ions in the polymer matrix is rather high; however,
carbonisation of the polymer surface observed in this case cannot
be reduced to simple `graphitisation' of the polymer within the
track of the stopping ion.

The formation of the carbonaceous phase on the polymer
surface with an increase in the implantation dose involves some
consecutive stages essentially differing in character of the corre-
sponding ion-induced reactions. These stages include (1) dehy-
drogenation of a polymer (this occurs, as a rule, simultaneously
with the radiation-induced cross-linking of the polymer) and
transformation of functional groups, which results in the forma-
tion of `pre-carbon' structures; (2) growth of carbon clusters, the
limiting size of which is determined by the energy of implanted
ions; (3) aggregation of carbon clusters and the formation of
conjugated and non-conjugated bonds. The energy loss of high-
energy ions affects the composition of the newly formed nano-
structured carbonaceous phase more than the nature of the
irradiated polymer. On the other hand, subtle variations of the
short- and medium-range order of the carbonaceous nanophase,
which determine such fundamental properties as conductivity and
microhardness, depend on the mechanism of ion-induced ther-
moradiolysis and are very sensitive to the composition of the
irradiated polymeric target. By and large, this type of influence of
the polymer nature on the properties of ion implantation products
can be considered as specific memory effect.

Figure 8 presents a diagram which qualitatively outlines main
consequences of ion irradiation of polymers. By varying the
irradiation dose one can control the rheologocal, sorption, con-
ducting, electrochemical and optical properties of polymers and
their microhardness, wear resistance and biocompatibility.

Thus, ion irradiation is a promising method of targeted
modification of polymer surfaces. Build up of implantation
doses causes processes of fundamentally different nature which
can be controlled by varying the energy and masses of the
implanted ions. All potentialities of this experimental technique
and detailed mechanisms of physicochemical processes accompa-
nying ion implantation of polymeric materials require further
study.

The author expresses his gratitude to the Basic Research
Foundation of Belarus for financial support of the experiments
on the synthesis of nanostructured carbon materials by ion
implantation techniques.
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Figure 8. Principal transformations in the implanted layer and related

changes in the physical and chemical properties of the polymer surface

irradiated with different ion doses at energies between 0.1 and 1 MeV.
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